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Abstract 
 
Following a lateral ankle sprain, mechanoreceptor damage within lateral ankle 
ligaments is theorised to contribute to observed balance, proprioceptive, and reaction 
time deficits. Such sensorimotor deficits are also known characteristics of chronic 
ankle instability (CAI), which is linked to recurrent ankle injury and early onset 
osteoarthritis. The significance of mechanoreceptor damage is unclear as a multitude 
of alternate sensory sources are capable of contributing to postural control and, 
despite increased postural sway or anesthetisation of lateral ligaments, individuals 
are able to maintain balancing postures following an ankle sprain. Early research has 
hypothesised that the central nervous system is capable of compensating for reduced 
mechanoreceptor feedback by up-regulating sensory information from alternate 
sources to generate sufficient information for effective motor drive and to maintain 
posture.  
The purpose of this thesis was to examine spinal-level sensorimotor integration: 
reflex excitability and inhibition in those with CAI, compared to copers and healthy 
controls. This thesis contains a series of investigations designed to examine changes 
in spinal excitability, using novel techniques, and its contribution to aberrant control 
of human movement in those with CAI. 
 xix 
 
The aim of the systematic review was to establish the statistical significance and 
effect size of primary sensorimotor factors contributing to CAI, by pooling data 
from previous systematic reviews and meta-analyses. A second aim was to identify 
potential reasons for inconsistencies in the literature. Systematic reviews were 
included if they answered a focused research question, clearly defined the search 
strategy criteria and study selection/inclusion and completed a comprehensive search 
of the literature. Included reviews needed to be published in a peer-reviewed journal 
and needed to review observational studies of factors and/or characteristics of 
persons with CAI, with or without meta-analysis. Methodological quality of 
systematic reviews was assessed using the modified R-AMSTAR tool. Meta-analysis 
on included primary studies was performed. There is strong evidence to support the 
contribution of dynamic balance, peroneal reaction time and eversion strength 
deficits and moderate evidence for proprioception and static balance deficits to ankle 
instability. However, only 17% of primary studies measured a clearly defined CAI 
population. Future research should ensure that CAI populations meet International 
Ankle Consortium (IAC) guidelines. 
The first experimental study aimed to compare soleus spinal reflex excitability, pre-
synaptic inhibition and recurrent inhibition between CAI, acute Lateral Ankle Sprain 
coper (LAS-coper) and healthy populations. The relationship between spinal reflex 
excitability, pain and perceived instability in people with CAI was also examined. 
Twelve individuals with CAI, twelve ‘copers’ and twelve healthy age, limb and 
gender-matched controls participated in this cross-sectional laboratory study. All 
participants met IAC inclusion criteria. Soleus H-reflex recruitment curves, pre-
synaptic excitability and recurrent inhibition of the spinal-reflex pathway were 
examined during static double- and single-leg stance. Reporting of pain and 
 xx 
 
perceived instability were used to perform a regression analysis on measures of 
soleus spinal excitability in people with CAI, LAS-coper and healthy controls. 
Soleus spinal reflex excitability was greater during single-leg stance in CAI 
compared to healthy and coper individuals. Pre-synaptic inhibition was three-times 
less in CAI participants compared to both healthy controls and copers. There were no 
differences between healthy and coper participants in spinal-level measures of 
sensorimotor control. Reports of pain explained 15-16% of the variance in soleus 
spinal reflex excitability and pre-synaptic inhibition during single and double-leg 
stance, while perceived instability explained 20% of the variance in spinal reflex 
during single-leg stance only. Findings of study 1 indicated CAI participants 
presented with an inability to supress soleus spinal reflexes during tasks with 
increased postural threat; likely due to disinhibition of pre-synaptic mechanisms. 
Pain and perceived instability may exacerbate changes in spinal-level sensorimotor 
control in CAI.  
The second experimental study aimed to probe mechanisms mediating bilateral 
sensorimotor deficits in individuals with unilateral CAI and acute LAS-coper. This 
cross-sectional laboratory experiment compared inter-limb reflex responses of 
soleus, tibialis anterior and peroneal between CAI, LAS-coper and healthy 
populations. Eight individuals with CAI, eight LAS-copers and eight age and limb-
matched healthy controls participated. All participants met IAC inclusion criteria. 
The ipsilateral tibial nerve of each limb were stimulated at 100% M-max of the 
ipsilateral soleus muscle during a double-legged static balance task, involving a mild 
plantar-flexion contraction. Inter-limb reflex responses were examined bilaterally for 
all participants. CAI individuals re-distributed spinal and transcortical inter-limb 
reflex control towards a soleus dominant strategy, in both injured and uninjured 
 xxi 
 
limbs, compared with LAS-coper and healthy participants. However, a history of 
bilateral or unilateral injury did not have an additive affect to the inter-limb reflex 
response. Further, inter-limb reflex responses were not different between limbs in 
those with unilateral, bilateral or no injury history.  Distribution of ankle stabiliser 
muscle activation during spinal and transcortical mediated inter-limb reflexes was 
altered in CAI participants, compared to LAS-coper and healthy controls. Higher 
soleus activation, coupled with lower reflex contributions from tibialis anterior and 
peroneal musculature in CAI, indicated the use of an alternate strategy to maintain 
whole-body displacement following a perturbation. This may predispose these 
individuals to further inversion sprain injuries of a previously uninjured contralateral 
limb.  
The third experimental study aimed to assess the relationship between spinal 
excitability and aberrant stabilisation during a dynamic landing task in CAI, 
compared to coper and healthy populations. Ten individuals with CAI, ten acute 
LAS-copers and ten healthy age, limb and gender-matched controls participated in 
this cross-sectional laboratory study. All participants met IAC inclusion criteria. 
Multi-segmental muscle responses (MMRs) were examined in soleus, tibialis 
anterior, peroneus longus, vastus medialis, vastus lateralis, rectus femoris and 
gluteus medius. MMRs were elicited at two time points following ground contact of 
a horizontal-jump landing task: the short-latency spinal reflex response (~45 ms post 
ground contact) and long-latency transcortical reflex response (~120 ms post ground 
contact). CAI individuals demonstrated greater spinal excitability of the ankle, knee 
and hip stabilisers during landing at both short- and long-latency responses. Copers 
similarly demonstrated higher spinal excitability of muscles surrounding the ankle 
and knee however, these changes were not significant. No significant differences 
 xxii 
 
between healthy and coper participants were observed in spinal-level measures of 
sensorimotor control during the horizontal jump-landing task, except vastus lateralis. 
Differences in regulation of spinal excitability (MMRs) during landing explained up 
to 31% of the variance in reactive force control. Specifically, higher spinal 
excitability was associated with greater peak landing forces in mediolateral and 
vertical directions.  Up-regulating spinal reflex excitability may be an adaptive 
response to increase peripheral information regarding changes in ankle position. 
However, our data suggest that facilitated spinal excitability during landing 
contributes to higher peak forces and rate of force development experienced during 
the early stabilisation period. Unfortunately, higher peak forces at this time may also 
predispose individuals to further injury. 
The body of work presented within this thesis demonstrates the human spinal cord 
learns to promote muscle feedback coming from the ankle, hip and knee following 
an ankle sprain injury. Relative to healthy individuals, spinal-level facilitation was 
exacerbated in CAI compared to coper individuals. Our data indicate that changes at 
the spinal cord may then be transferred to the brain, influencing subsequent cortical 
strategies and altering motor control of both an injured and uninjured limb. Two 
conclusions may be drawn from this thesis: spinal-level sensorimotor adaptation in 
CAI may be a failure of the system to regulate spinal inhibition, or a manifestation of 
Freeman’s mechanoreceptor deafferentation theory i.e. promotion of muscle length 
feedback at the spinal cord may be a protective strategy for generating relevant 
information in lieu of damaged articular receptors. Regardless, the data indicate this 
strategy is associated with higher peak forces during landing and may predispose 
individuals to recurrent injury.   
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1.1 BACKGROUND 
A history of musculoskeletal injury is a strong deterrent to participation in physical 
activity and sport; with perceived risk of recurrence outweighing the health benefits 
for many individuals (Finch, Owen, & Price, 2001; Telford, Finch, Barnett, Abbott, 
& Salmon, 2012). Amongst sport-related injuries, the ankle is the most frequently 
injured joint, with Lateral Ankle Sprain (LAS) the most common injury (Fong, 
Hong, Chan, Yung, & Chan, 2007). Lateral ankle sprains are common among both 
men and women (Fong et al., 2007), in general (Hiller et al., 2012) and physically 
active populations (Billings, 2004; Waterman, Belmont, Cameron, Deberardino, & 
Owens, 2010).  
The indiscriminate nature of this injury may explain its relatively high prevalence. 
According to longitudinal research conducted in Denmark (Holmer, Sondergaard, 
Konradsen, Nielsen, & Jorgensen, 1994), the Netherlands (Kemler, Port, Valkenberg, 
Hoes, & Backx, 2015), United Kingdom (Cooke, Lamb, Marsh, & Dale, 2003) and 
United States (Lambers, Ootes, & Ring, 2012; Waterman, Owens, Davey, Zacchilli, 
& Belmont, 2010), the annual percentage of the population sustaining a LAS is 
estimated to be between 0.2 and 0.7 %. Although there are no estimates available for 
Australia’s population, 0.7% equates to approximately 172,200 LAS injuries in 2018 
alone. Despite the high prevalence, LASs are considered a relatively mild injury that 
will resolve quickly with minimal intervention (Hiller et al., 2012; McKay, Goldie, 
Payne, & Oakes, 2001). However, 70% of individuals who incur a LAS develop 
chronic symptoms such as recurrent ankle injuries (Yeung, Chan, So, & Yuan, 1994).   
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Residual pain, feelings of instability and recurrent ankle sprain injuries are indicative 
of chronic ankle instability (CAI); a condition associated with reduced quality of life 
and early onset osteoarthritis (Hiller, Kilbreath, & Refshauge, 2011; Hintermann, 
Valderrabano, Dereymaeker, & Dick, 2004; Valderrabano, Hintermann, & Dick, 
2004; Van Rijn et al., 2008; Verhagen, De Keizer, & Van Dijk, 1995; Yeung et al., 
1994). Further, CAI development is complex and may not be limited to an injured 
limb, as 85% of individuals with CAI develop bilateral symptoms following a 
unilateral sprain (Konradsen, Bech, Ehrenbjerg, & Nickelsen, 2002). Inadequate 
standard of care, which is limited to minimising acute inflammatory symptoms 
(Lamb, Cooke, Hutton, & Marsh; McCriskin, Cameron, Orr, & Waterman, 2015), 
persistent aberrant sensorimotor control (Doherty et al., 2015) and genetic factors 
known to increase the risk of musculoskeletal injury (Collins & Raleigh, 2009) are 
theorised to lead to the development of CAI (Gribble et al., 2016). Although genetic 
predisposition is non-modifiable, the mechanisms of aberrant sensorimotor control 
may be useful targets in rehabilitation.  
Aberrant sensorimotor control (i.e. impaired balance, proprioception, reaction time 
and strength measures) is thought to negatively influence an individual’s ability to 
resist a LAS. However, a causal relationship has yet to be well-established, primarily 
due to inconsistent findings. Balance deficits are present in both CAI and acute LAS 
patients (Wikstrom, Naik, Lodha, & Cauraugh, 2009), and appear bilaterally 
following a unilateral injury (Wikstrom, Naik, Lodha, & Cauraugh, 2010). Although 
five meta-analyses have confirmed static and dynamic balance impairments in CAI 
relative to healthy controls, collectively these studies report variable results with 
weak to strong effects (Arnold, De La Motte, Linens, & Ross, 2009; Hiller et al., 
2011; Munn, Sullivan, & Schneiders, 2010; Wikstrom et al., 2009; Wikstrom et al., 
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2010). Impaired proprioception, measured by joint position sense, was also 
demonstrated in two meta-analyses (Hiller et al., 2011; McKeon & McKeon, 2012) 
regardless of between-group or between-limb comparison, differences in starting foot 
position, repositioning method (active or passive), range of motion and testing 
velocity (McKeon & McKeon, 2012). However, other studies have identified no 
differences between groups in joint position (Hiller et al., 2011) and force sense 
measures (Wright & Arnold, 2011).  Similarly, reviews examining muscle reaction 
time (Hiller et al., 2011; Hoch & McKeon, 2014; Munn et al., 2010) and strength 
deficits (Arnold, Linens, De La Motte, & Ross, 2009; Hiller et al., 2011) report 
conflicting findings, with variable effect sizes. Despite the plethora of research, the 
reasons for these incongruities are unknown and thus the contribution of aberrant 
sensorimotor control to repeated ankle sprain injuries is still unclear. 
Repeated ankle sprains and giving way are believed to prompt increased mechanical 
laxity of lateral ligaments and articular deafferentation (Freeman, Dean, & Hanham, 
1965). The resultant damage to mechanoreceptors is theorised to impair locomotion 
and reflex control (Freeman et al., 1965), and cause balance, proprioceptive, reaction 
time and strength deficits. Although widely accepted, the theory of articular 
deafferentation has yet to be substantiated as research indicates: i) a multitude of 
sensory receptors contribute to postural control and the maintenance of balance; and 
ii) anesthetisation of lateral ligaments does not affect postural control and balance in 
an active muscle (Konradsen, Ravn, & Sorensen, 1993). Thus, the central nervous 
system is not solely reliant on mechanoreceptor feedback and is likely capable of 
utilising information from another source to perform the same task (Konradsen et al., 
1993). Moreover, changes may occur in how corticospinal centres integrate sensory 
information from the periphery. 
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Research has identified differences in excitability of the central nervous system 
(CNS) in those with CAI. Using transcranial magnetic stimulation, one study found 
that higher resting motor threshold of corticospinal neurons was associated with 
lower self-report functional limitations (Pietrosimone & Gribble, 2012). However, 
findings regarding corticospinal excitability are conflicting, as both unchanged 
(Terada et al., 2016) or increased motor-evoked potentials have been reported in CAI 
(McLeod, Gribble, & Pietrosimone, 2015). As corticospinal measures are 
confounded by the excitability of both cortical and spinal structures, alterations in 
cortical neural excitability may be diluted by spinal drive, or conversely, changes in 
spinal excitability may explain differences in observed corticospinal responses when 
using the transcranial magnetic stimulation technique. By comparison, it is possible 
to dissociate the excitability of the CNS and isolate spinal structures using the 
Hoffmann reflex (H-reflex technique) to examine excitability of the spinal reflex 
pathway.   
When considering the spinal structures alone, altered modulation of the ipsilateral 
spinal reflex (H-reflex) response were shown to explain impaired function and 
disability in CAI (Kim, Hart, Saliba, & Hertel., 2016; Terada et al., 2017). Reports of 
lower H-reflex excitability in CAI participants, under seated and lying conditions, 
indicate that these individuals present with reduced sensitivity of spinal-level 
neurons to afferent feedback from muscle. Ipsilateral mechanisms of pre- and post-
synaptic inhibition likely mediate these changes however, due to methodological 
limitations regarding the choice of stimulus intensity and experimental posture in 
previous studies (Sefton, 2007; Sefton et al., 2009), the extent of their contribution is 
still unclear. Further, the relationship between measures of self-report chronic ankle 
instability and pre- and post-synaptic inhibition has yet to be confirmed in CAI, nor 
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copers or healthy controls. It is therefore proposed that further research is needed to 
clarify the presence of altered spinal reflex excitability, its contribution to chronic 
feelings of instability and recurrent injury in CAI.   
Spinal-level inter-limb communication, a mechanism mediating coordination 
between limbs, is thought to be important for the maintenance of balance and 
restoration of movement following a perturbation (Dietz, 2002; Dietz, Colombo, & 
Müller, 2004). Similar to ipsilateral H-reflexes, electrically induced contralateral 
reflex responses are modulated according to the demands and phase of a task 
(Gervasio, Kersting, Farina, & Mrachacz-Kersting, 2015; Gervasio et al., 2017; 
Stubbs, Nielsen, Sinkjær, & Mrachacz‐Kersting, 2011) and disinhibited in the 
presence of chronic neurological disease (Stubbs, Nielsen, Sinkjær, & Mrachacz-
Kersting, 2012). Thus, inter-limb (contralateral) spinal reflexes could also plausibly 
explain bilateral sensorimotor impairments following a unilateral LAS injury. To 
date, inter-limb reflex responses have yet to be examined in a CAI or LAS 
population. Further investigation into pre-synaptic, post-synaptic and inter-limb 
mechanisms of spinal reflex regulation and how they relate to disability, will 
improve understanding of disease aetiology and progression in CAI.  
Altered spinal reflex excitability in those with CAI is commonly investigated under 
static postures. However, this provides little understanding of the complex 
modulation of spinal reflexes during dynamic activities and ankle injury. During an 
ankle sprain, rapid inversion begins at ~60 ms post ground contact (Terada & 
Gribble, 2015). The onset of rapid inversion supports a spinal reflex contribution to 
LAS development as:  i) the first reactive response following ground contact (45-60 
ms) is a spinal reflex response, and ii) cortical drive is not initiated until 90-120 ms 
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post contact (Taube et al., 2008).  Based on EMG data, CAI participants show 
smaller peroneal spinal reflex responses, and no response in gluteus medius, at 
ground contact of a landing (Levin et al., 2015). Taken together, these data may 
indicate whole-limb spinal-level sensorimotor reorganisation in CAI during dynamic 
tasks. To date, the relationship between spinal reflex excitability and aberrant 
stabilisation during a dynamic task has yet to be examined. It is proposed that 
probing H-reflexes during landing will clarify a functional influence of altered 
spinal-level, sensorimotor control in those with CAI.   
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1.2 EXPERIMENTAL AIMS AND HYPOTHESES 
Our understanding of spinal-level, ipsilateral and contralateral mechanisms that 
mediate aberrant sensorimotor control in CAI is limited. Clarifying the extent of 
aberrant spinal reflex excitability, its relationship to disability, chronicity and 
functional significance is needed before further elucidating supra-spinal excitability 
mechanisms. The overarching aim of this thesis was to quantify spinal-level 
sensorimotor adaptations in CAI, compared to coper and healthy controls. The 
following hypotheses were tested: 
I. Previous discrepancies regarding the presence of sensorimotor deficits in CAI 
are likely explained by differences in methodological quality and participant 
inclusion criteria (heterogeneous population of both CAI and copers) between 
studies (Systematic review). 
II. If sensorimotor control was altered following an ankle sprain ankle injury, 
intra-limb spinal-level sensorimotor control would be altered in both CAI and 
copers compared to healthy controls (Study 1). 
III. If spinal reflex excitability contributed to CAI status, self-report pain and 
perceived instability would then explain differences in spinal reflex 
excitability (Study 1). 
IV. Inter-limb spinal-level sensorimotor control would be disinhibited and more 
variable in those with CAI and coper individuals, compared to healthy 
controls (Study 2).  
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V. Spinal-level sensorimotor adaptations in CAI would cause aberrant 
movement strategies and reduced stability during a dynamic landing task 
(Study 3).
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Chapter 2 
 
Perspectives, understanding and measurement 
of sensorimotor deficits in CAI 
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2.1 BACKGROUND 
Freeman (1965) proposed that mechanoreceptor damage within lateral ligaments lead 
to ‘deafferentation’ and disruption of sensory information from the ankle joint, 
following a LAS (Freeman, 1965a, 1965b; Freeman et al., 1965). However, contrary 
to Freeman’s theory, subsequent research was unable to demonstrate deficits in 
proprioception (Feuerbach, Grabiner, Koh, & Weiker, 1994; Hertel, Guskiewicz, 
Kahler, & Perrin, 1996; Konradsen et al., 1993) or postural control (Hertel et al., 
1996; Konradsen et al., 1993; Riemann, Myers, Stone, & Lephart, 2004) following 
deafferentation of lateral ligaments using anaesthesia. It is reasonable to assume that 
LAS injuries, and the resultant mechanical laxity, impair joint position sense. Thus 
observations that proprioception is not impaired, despite anaesthetisation of lateral 
ligaments, may further support complex re-weighting of sensory information toward 
muscle length in the absence of articular joint feedback (Konradsen et al., 1993). 
Simply, sensorimotor deficits in CAI may be better explained by chronic adaptations 
in integration and re-weighting of sensory information within the central nervous 
system.   
Hertel (2008) conducted a review of the broad spectrum of sensorimotor deficits that 
have been extensively researched in CAI. Sensorimotor control measures are 
presented on a scale from predominately passive to active control, sensory to motor 
mechanisms, and experimental to functional tasks (Figure 2.1). Multiple systematic 
reviews have been conducted on balance (Arnold, De La Motte, et al., 2009; Hiller et 
al., 2011; Munn et al., 2010), proprioception (Hiller et al., 2011; McKeon & 
McKeon, 2012; Munn et al., 2010; Wright & Arnold, 2011), reaction time (Hiller et 
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al., 2011; Hoch & McKeon, 2014; Munn et al., 2010) and strength (Arnold, Linens, 
et al., 2009;  Hiller et al., 2011) outcomes to quantify sensorimotor dysfunction in 
CAI however, results between these reviews are inconsistent. With little consensus 
between systematic reviews, the extent of sensorimotor deficits in CAI remain 
unclear. Examining sensorimotor dysfunction through gross outcome measures 
(balance, reaction time, proprioception and strength) also limit our understanding 
regarding the origin of sensorimotor deficits in CAI. Likely due to their novel 
application in the CAI population, more precise measures of sensorimotor integration 
that probe changes in the excitability of afferent and efferent pathways have yet to be 
reviewed with respect to this population. It was therefore deemed that two distinct 
reviews were necessary for this thesis.  
 
Passive Active 
 
Sensory Motor 
 
Experimental  Functional 
Figure 2.1. Figure adapted from Hertel (2008); ‘Spectrum of sensorimotor measures associated with 
ankle instability’.  
 
 
The first, Part A, is a systematic review of meta-analyses in CAI research. Part A 
aimed to: i) identify the cause of discrepancies between previous systematic reviews, 
ii) clarify the extent of sensorimotor deficits in CAI by pooling the findings from all 
systematic reviews, iii) identify which measures are most sensitive for identifying 
CAI
Proprio-
ception
Motor 
neuron pool 
excitability
Reflex 
reaction time
Balance Strength
Walking 
mechanics
Running 
mechanics
Jump-
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mechanics
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sensorimotor deficits in CAI, and iv) highlight considerations for future research to 
ensure more consistency between studies. The second, Part B, is a narrative review 
on novel measures of sensorimotor mechanisms.  Due to the vast number of 
mechanisms that could explain sensorimotor deficits, many are beyond the scope of 
this thesis. Part B of Chapter Two will therefore focus on the physiology and 
measures used to probe changes in spinal-level neuronal pathways. Part B aimed to: 
i) present an overview of spinal-level, sensorimotor control of human movement: ii) 
review previous research that has examined these mechanisms; and iii) highlight the 
current gaps in our understanding of CAI. 
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Part A 
 
Systematic Review 
Factors contributing to chronic ankle instability: a systematic review 
and meta-analysis of systematic reviews. 
Sports Medicine, (2017). 
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2.2 CLARIFYING CASAUL FACTORS OF CHRONIC 
ANKLE INSTABILITY 
It is understood that perceived instability, mechanical laxity, and recurrent ankle 
sprain injuries may present independently or as comorbid attributes for individuals 
with CAI (Hiller et al., 2011). However, the factors contributing to CAI are still 
equivocal for researchers and clinicians alike. Despite considerable research, 
impaired balance is the only well-established factor contributing to CAI (Arnold, De 
La Motte, et al., 2009; Hiller et al., 2011; Munn et al., 2010). Systematic reviews 
examining impaired proprioception (Hiller et al., 2011; McKeon & McKeon, 2012; 
Munn et al., 2010; Wright & Arnold, 2011), delayed peroneal reaction time (Hiller et 
al., 2011; Hoch & McKeon, 2014; Munn et al., 2010), strength deficits (Arnold, 
Linens, et al., 2009; Hiller et al., 2011), and bone/joint characteristics (Cordova, 
Sefton, & Hubbard, 2010; Hiller et al., 2011) report conflicting findings. The reasons 
underlying these discrepancies are unclear, however the methodological quality of 
reviews and/or differences between participant selection and outcome measures of 
included primary studies may contribute.  
Inconsistent terminology and multiple operational definitions of CAI are widespread 
across the literature (Delahunt et al., 2010). Un-standardised participant inclusion 
criteria have likely influenced interpretation and limited researchers’ ability to 
generalise current findings to a well-defined CAI population. To improve 
transparency, the International Ankle Consortium published recommendations for 
inclusion of CAI and healthy participants in controlled research (Gribble, Delahunt, 
Bleakley, Caulfield, Docherty, Fourchet, et al., 2014). These participant inclusion 
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recommendations have yet to be considered in the appraisal and synthesis of primary 
data within a systematic review. As a result, it is unclear whether findings of 
previous systematic reviews accurately reflect the CAI population.  
The aim of the current systematic review was to elucidate the primary factors 
contributing to CAI by synthesising and evaluating the evidence from previous 
systematic reviews into a single meta-analysis. To determine the reason for 
discrepancies in the literature and directions for future research, the methodological 
quality of previous reviews in addition to the outcome measures and participant 
selection of included primary studies were considered in the analysis. It was 
hypothesised that differences in the methodological quality of the systematic reviews 
and scope of included studies would explain the inconsistent findings. 
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2.3 METHODS 
2.3.1 Eligibility Criteria 
2.3.1.1 Study Characteristics 
To be considered for this analysis, systematic reviews needed to answer a focused 
research question, clearly define the search strategy criteria in addition to study 
selection/inclusion and complete a comprehensive search of the literature. Systematic 
reviews with or without meta-analysis needed to be published in a peer-reviewed 
journal and have compared factors associated with and/or characteristics of persons 
with CAI to a control group. Studies using a non-systematic review methodology 
(e.g. randomised controlled trials, cohort studies, case-control studies and cross-
sectional studies) were excluded. Study selection was not restricted by language. 
Studies published in a language other than English were translated and assessed for 
inclusion. 
2.3.1.2 Population 
All systematic reviews and meta-analyses examining potential risk factors for ankle 
instability that included primary studies with a CAI population were considered for 
review. CAI is defined as a multifaceted condition that may present as either 
mechanical instability of lateral ligaments, perceived instability, recurrent ankle 
sprains, or a combination of these factors (Gribble, Delahunt, Bleakley, Caulfield, 
Docherty, Fourchet, et al., 2014; Hiller et al., 2011). How each primary study (of the 
included systematic reviews) defined chronic ankle instability was compared to the 
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classification endorsed by the International Ankle Consortium (Gribble, Delahunt, 
Bleakley, Caulfield, Docherty, Fourchet, et al., 2014), which is outlined in Table 2.1. 
The CAI inclusion criteria were used to assess the homogeneity of the population 
among primary included studies. 
 
Table 2.1. International Ankle Consortium classification of CAI participants  
Inclusion  
 History of at least one significant ankle sprain that resulted in inflamation and 
impaired physical activity. Initial ankle sprain should occur ≥12 months prior to 
testing. The most recent sprain should be ≥3 months old. 
 ≥2 episodes of ‘giving way’ and/or reucrrent ankle sprain and/or feelings of 
instability at the ankle that does not result in an ankle sprain 
 Self reported ankle instability should be confirmed by a validated ankle instability 
questionnaire (e.g. the Ankle Instability Index, Cumberland Ankle Instability Tool, 
Identification of Functional Ankle Instability). Degree of instability should be 
included, if relevent to research question  (using the Foot and Ankle Ability 
Measure, or Foot and Ankle Outcome Score). 
Exclusion  
 History of previous surgeries to musculoskeletal structures including, bone, 
ligaments, and/or nerve. 
 History of ankle fracture in either lower limb requiring realignment 
 Acute injury to musculoskeletal structures (sprain, strain or fracture) in the 3 months 
prior to testing. 
Inclusion and exclusion criteria were previously developed and endorsed by experts in CAI research 
(Gribble, Delahunt, Bleakley, Caulfield, Docherty, Fourchet, et al., 2014) 
 
2.3.2 Information Sources 
A comprehensive and systematic search of CINAHL, MEDLINE, PubMed, Scopus 
and SPORTDiscus was conducted from inception to June 1, 2017 by the primary 
investigator (CT). The individual search strategy for each database was created with 
the assistance of the Western Sydney University School of Science & Health 
librarian, and has been included in the previously published protocol (Thompson, 
Schabrun, Romero, Bialocerkowski, & Marshall, 2016). Search terms consisted of 
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subject headings specific to each database and free text terms relevant to systematic 
review, meta-analysis, ankle joint, injuries, chronic and instability. The search 
strategy of CINAHL is shown in Table 2.2. Articles identified from the search were 
stored and managed using Endnote X7 throughout the review process. 
 
 
 
2.3.3 Study Selection 
Two reviewers (CT and RR) independently screened all articles identified from 
database searching. Titles of returned articles were screened based on study 
eligibility. Abstracts identified as potentially relevant based on the title were then 
assessed using the same criteria. Full texts were then screened for inclusion in the 
review and meta-analysis. Reference lists were hand-searched to identify additional 
relevant systematic reviews. Disagreement between the two reviewers was resolved 
by discussion to meet a consensus. 
Table 2.2. CINAHL search strategy 
1 ((MH "Review") OR (MH "Meta-Analysis") OR (MH "Meta-Analysis as Topic") 
OR systematic review OR meta-analysis OR meta analysis) 
2 ((MH "Ankle") OR (MH "Ankle Joint") OR (MH “Lateral Ligament, Ankle”) OR 
ankle* OR talocrural OR talo-crural OR talo-calcaneal) 
3 ((MH “Ankle Injuries”) OR (MH “Sprains and Strains”) OR (MH “Joint 
Instability”) OR sprain OR injur* OR instability*) 
4 ((MH “Cumulative Trauma Disorders”) OR (MH “Chronic Pain”) OR perceived 
OR repetitive OR functional OR mechanical OR recurrent OR repeated OR 
chronic) 
5 1 AND, 2 AND, 3 AND 4. 
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2.3.4 Data Item Collection and Process 
Two reviewers (CT and RR) independently extracted data from each systematic 
review. In the case of missing data, the corresponding author was contacted and data 
requested. 
The data extracted included aim, search strategy, inclusion/exclusion criteria, 
population (sample size and participant characteristics), measurement method and 
outcomes related to the study aim. The homogeneity of included studies was 
considered with respect to their participant selection/inclusion and methods. The 
following data were then extracted from the individual primary studies of each 
systematic review to be included in the meta-analysis: authors, year of publication, 
outcome variables and measurement method, participant inclusion criteria, number of 
included participants, in addition to means and standard deviations of the outcome 
variable. Participant inclusion criteria of primary studies were compared to the 
International Ankle Consortium (Gribble, Delahunt, Bleakley, Caulfield, Docherty, 
Fourchet, et al., 2014) recommendations outlined in Table 2.1. 
2.3.5 Risk of Bias and Methodological Quality Assessment 
Independent critical appraisal and data extraction were completed by two reviewers 
(CT and RR). Disagreement was resolved by discussion to reach a consensus.  
Systematic review quality and potential bias were assessed using the modified 
R(evised)- A MeaSurement Tool to Assess Systematic Reviews (R-AMSTAR tool). 
A detailed version of the modified R-AMSTAR is available online: (https://static-
content.springer.com/esm/art%3A10.1186%2Fs13643-016-0275-
8/MediaObjects/13643_2016_275_MOESM3_ESM.pdf).  
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A summary of the R-AMSTAR tool is shown in Table 2.3. Using the modified R-
AMSTAR, studies were given a score out of 40. A higher score indicated higher 
methodological quality, greater internal validity and lower risk of bias. The 
methodological quality of systematic reviews was ranked from highest to lowest 
based on total score and percentile (rank; A 90-100%, B 80-89%, C 70-79%, D 60-
69%, E <60%). Impacts of bias and methodological flaws on the internal validity of 
the review were considered in the synthesis of review findings. Reviews were not 
excluded based on quality.  
 
R-AMSTAR items previously validated (Kung et al., 2010; Shea et al., 2007). Abbreviations: R-
AMSTAR – R(evised) - A MeaSurement Tool to Assess Systematic Reviews 
 
2.3.6 Data Synthesis and Analysis 
The percent agreement between reviewers regarding eligibility screening and 
methodological quality of systematic reviews was calculated using kappa scores of 
agreement. 
Table 2.3. R-AMSTAR items Score 
1. Was an 'a priori' design provided? 4 
2. Was there duplicate study selection and data extraction? 4 
3. Was a comprehensive literature search performed? 4 
4. Was the status of publication (i.e. grey literature) used as an inclusion criterion? 4 
5. Was a list of studies (included and excluded) provided? 4 
6. Were the characteristics of the included studies provided? 4 
7. Was the scientific quality of the included studies assessed and documented?  4 
8. Was the scientific quality of the included studies used appropriately in formulating 
conclusions? 
1 
9. Were the methods used to combine the findings of studies appropriate? 4 
10. Was the likelihood of publication bias assessed? 4 
11. Was the conflict of interest included? 3 
TOTAL SCORE  40 
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A meta-analysis of included primary studies from systematic reviews of the same 
methodological quality was performed, if outcomes were comparable. To avoid 
confounding from inclusion of the same individual primary studies by multiple 
systematic reviews, averages and standard deviations of individual studies were 
extracted instead of the total mean difference calculated by the reviews. Duplicate 
studies were then removed. Heterogeneity was assessed using the chi-square (I 2) 
calculation and interpreted as 0–40 % representing unimportant heterogeneity, 41–60 
% moderate heterogeneity, 61–90 % substantial heterogeneity and 91–100 % 
considerable heterogeneity (Higgins & Green, 2011). A random-effects model was 
used on all heterogeneous data (I2 > 40%). Findings not suitable for meta-analyses 
were summarised qualitatively. Sub-group analyses were performed with respect to 
the International Ankle Consortium inclusion/exclusion criteria for CAI research 
(Gribble, Delahunt, Bleakley, Caulfield, Docherty, Fourchet, et al., 2014), the 
method used to measure outcomes and organised by methodological quality of the 
systematic review. All meta-analyses were conducted in RevManager version 5.0 
(Copenhagen, Denmark: The Nordic Cochrane Centre, the Cochrane Collaboration, 
2008). Standard mean difference (SMD) and 95% confidence intervals were 
calculated. A SMD of 0.3, 0.5 and 0.8 indicated a weak, moderate and strong effect 
size, respectively. Given the significant heterogeneity within the data, prediction 
intervals were calculated to estimate the uncertainty around the effect estimate. A 
Spearman’s rank correlation coefficient (Spearman’s rho) was calculated between R-
AMSTAR score and effect size, in addition to R-AMSTAR score and significance 
(p>0.05, or p<0.05). A Mann-Whitney U test for non-parametric data was used to 
compare R-AMSTAR scores between meta-analyses reporting significant findings 
and those reporting non-significant findings. 
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2.4 RESULTS 
2.4.1 Study Selection 
Database searching returned 492 potential articles. Numbers of studies screened, 
assessed for eligibility and included in the review are shown in Figure 2.2. A total of 
twelve systematic reviews were included. Inter-rater kappa scores of agreement were 
high for both screening of abstracts (k = 0.947, SE = 0.52) and full-text articles (k= 
0.957, SE = 0.42). The percent agreement for admissibility of systematic reviews 
during full-text critical appraisal was 91% (10/11). Consensus regarding inclusion of 
reviews was reached through discussion between the two primary reviewers (CT and 
RR) and did not require further deliberation from a third, independent reviewer. 
2.4.2 Study Characteristics 
Six included systematic reviews evaluated dynamic and/or static balance (Arnold, De 
La Motte, et al., 2009; Hiller et al., 2011; Munn et al., 2010; Song, Burcal, Hertel, & 
Wikstrom, 2016; Wikstrom et al., 2009; Wikstrom, Naik, et al., 2010), four 
examined proprioception (Hiller et al., 2011; McKeon & McKeon, 2012; Munn et 
al., 2010; Wright & Arnold, 2011), three studied reaction time (Hiller et al., 2011; 
Hoch & McKeon, 2014; Munn et al., 2010), two analysed strength (Arnold, Linens, 
et al., 2009; Hiller et al., 2011), bone and joint characteristics (Cordova et al., 2010; 
Hiller et al., 2011) and biomechanical differences (Hiller et al., 2011; Moisan, 
Descarreaux, & Cantin, 2017) and one reviewed functional performance factors 
(Hiller et al., 2011). The outcomes investigated, number of included studies, meta-
analysis summary and modified R-AMSTAR scores of each review are presented in 
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Tables 2.4 and 2.5. Three systematic reviews examined ‘general lateral ankle 
trauma’, with the inclusion of both chronic and acute ankle instability in the analysis 
(Hoch & McKeon, 2014; Wikstrom et al., 2009; Wikstrom, Naik, et al., 2010). 
Reasons for exclusion of nine studies that were seriously considered: four examined 
acute lateral ankle sprains only (McKeon & Hertel, 2008; Menacho et al., 2010; 
Pourkazemi, Hiller, Raymond, Nightingale, & Refshauge, 2014; Witchalls, Blanch, 
Waddington, & Adams, 2011), two were not a systematic review (de Noronha, 
Refshauge, Herbert, Kilbreath, & Hertel, 2006; Silva, Silva, Sônego, & Paula, 2011),  
two did not examine CAI risk factors (Houston, Hoch, & Hoch, 2015; Waterman et 
al., 2010), and no full-text available (McKeon & McKeon, 2009; Waterman et al., 
2010). 
2.4.3 Risk of Bias Within Studies 
R-AMSTAR rank (Table 2.4) was weakly correlated with both effect size and 
significance (Spearman’s rho < 0.40). R-AMSTAR rank did not differ between meta-
analyses reporting significant (mean = 7.45) and non-significant findings (mean = 
9.10, U = 19.50, Z = -0.81, p = 0.51). Thus, the methodological quality of each 
systematic review was not a strong predictor of overall effect or significance.  
2.4.4 Meta-analysis of Individual Primary Studies 
A summary of total effect sizes for subgroup analyses, in addition to respective 95% 
confidence and prediction intervals is provided for each outcome in Figure 2.3 (a-e). 
The standard mean difference and 95% CI of individual, primary studies are 
provided in Appendix A. Data from one study measuring Time To Stabilisation 
(TTS) could not be extracted from the individual primary study (Wikstrom, Tillman, 
& Borsa, 2005) – the authors were contacted however, the data could not be located. 
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No meta-analysis was performed on bone and joint characteristics, biomechanics and 
functional performance outcomes due to insufficient homogeneity regarding 
protocols and measures (task requirements, conditions, outcomes examined and/or 
analysis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Search strategy results Legend: CAI – chronic ankle instability, LAS – lateral ankle sprain. 
1Studies could be excluded for more than one reason. 
 
 
2.4.4.1 Heterogeneity 
Given substantial heterogeneity within (overall, I2 = 78%) and between static balance 
measures (area, I2 = 85%; linear, I2 = 52%; time, I2 = 74%; velocity, I2 = 82%; and 
Database search, n = 494 
Articles remaining, n = 237 
Duplicates removed, n = 257 
Articles remaining, n = 21 
Articles remaining, n = 69 
Articles removed based on title,  
n = 168 
Articles eliminated based on abstract,  
n = 48 
Articles remaining, n = 12 
Full-text eliminated, n = 9 
 
Reasons for exclusion1: 
Not a systematic review, n = 2 
Examined LAS not CAI, n = 4 
Did not examine CAI risk factors, n = 2 
No full text available, n = 2 
 
Bone and 
joint 
n = 2 
Strength 
n = 2 
Proprioceptio
n n = 4 
Balance 
n = 6 
Reaction 
time  
n = 3 
Kinematics 
and 
performance 
n = 2 
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other, I2 = 79%), a random-effects analysis was used to determine the extent of 
balance deficits in CAI. A fixed-effect analysis was performed on the Star Excursion 
Balance Test (SEBT) as low heterogeneity was observed within this subgroup (I2 = 
0%). A 95% Prediction Interval (PI) was not calculated for the SEBT due to the lack 
of heterogeneity. A separate random-effects analysis was performed on TTS studies 
measures due to substantial heterogeneity between included primary studies (I2 = 
63%). For proprioception outcomes, a random-effects analysis was used to determine 
the extent of the active absolute error (I2 = 84%) and passive absolute error (I2 = 
41%) subgroups; however, a fixed effect model was used for passive movement 
detection (I2 = 0%). No meta-analysis was performed on total error for both passive 
and active joint position sense (JPS) in view of insufficient number of included 
studies. For reaction time and strength outcomes, a random-effects analysis was used 
in view of substantial heterogeneity (all subgroups, I2 > 81%). 
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Table 2.4.  R-AMSTAR scores: total and rank  
 
 
Reference 
Modified R-AMSTAR item 
1 2 3 4 5 6 7 8 9 10 11 Total % Rank 
Arnold et al. 2009 3 4 4 3 2 4 4 1 4 4 3 36 90.00 A 
Arnold et al. 2009 3 4 4 3 2 4 2 1 3 4 1 31 77.50 C 
Wikstrom et al. 2010 3 4 4 1 4 4 3 0 2 4 2 31 77.50 C 
Hoch and McKeon 2014 3 1 4 2 3 4 3 1 1 4 3 29 72.50 C 
McKeon and McKeon 2012 3 1 3 1 3 4 4 1 3 4 1 28 70.00 C 
Moisan et al. 2017 4 4 3 2 2 4 3 1 - 1 2 26 72.22 C 
Song et al. 2016 3 1 5 1 2 4 1 0 4 3 3 26 65.00 D 
Hiller et al. 2011 3 4 4 1 2 4 1 0 3 1 3 26 65.00 D 
Wikstrom et al. 2009 3 2 4 1 3 3 1 0 2 3 3 25 62.50 D 
Munn et al. 2010 3 2 4 2 2 4 2 0 3 1 1 24 60.00 D 
Wright and Arnold 2011 3 1 3 3 2 4 2 1 - 1 1 21 58.33 E 
Cordova et al. 2010 3 1 3 1 3 4 2 0 - 1 1 19 52.78 E 
Average 3.08 2.31 3.69 1.69 2.54 3.92 2.31 0.46 2.60 2.46 1.92 30.17 67.37 D 
Abbrevations: R-AMSTAR – R(evised) - A MeaSurement Tool to Assess systematic Reviews 
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Table 2.5.  Summary of previous systematic reviews and meta-analyses  
Outcome 
variable 
Systematic review 
Modified R-
AMSTAR 
Number of 
included 
studies 
Measure(s) Meta-analysis summary 
Total Rank 
Static balance Arnold et al. 2009  36 A 4 Time in balance Impaired 
(SMD = 1.82, 95% CI = 0.80-2.83) 
   14 SLS velocity Impaired 
(SMD = 0.23, 95% CI = 0.05-0.41) 
   6 SLS area No difference 
(SMD = 0.24, 95% CI = -0.08-0.57) 
   13 SLS linear AP/ML Impaired 
(SMD = 0.45, 95% CI = 0.16-0.74) 
   6 Other Impaired 
(SMD = 1.035, 95% CI = 0.14-1.93) 
   19 Total Impaired 
(SMD = 0.32, 95% CI = 0.19-0.46) 
Wikstrom et al. 2010  31 C 12 Involved ankle Impaired 
(SMD = 0.45, 95% CI = 0.27-0.63) 
    Uninvolved ankle Impaired 
(SMD = 0.28, 95% CI = 0.10-0.45) 
Song et al. 2016 25 D 11 Time to boundary; eyes open and eyes 
closed 
CAI participants 
(SMD = -2.04, 95% CI = -2.31-(-1.77)) 
Healthy participants 
(SMD = -1.50, 95% CI = -1.71-(-1.29)) 
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Hiller et al. 2011  26 D 9 Stable surface, eyes open 
(COP, sway) 
No difference 
(SMD = 0.40, 95% CI = 0.00-0.70) 
    Stable surface, eyes closed (COP, sway) Impaired 
(SMD = 0.90, 95% CI = 0.40-1.40) 
    Unstable surface, eyes open (COP, sway) Impaired 
(SMD = 0.50, 95% CI = 0.10-1.00) 
Wikstrom et al. 2009  25 D 25 BESS, COP Impaired 
(ES = 0.49, 95% CI = 0.40-0.59) 
Munn et al. 2010  24 D 10 SLS velocity and area Impaired 
(SMD = 0.60, 95% CI = 0.20-1.00) 
Dynamic 
balance 
Arnold et al. 2009 36 A 4 SEBT Impaired 
(SMD = 0.29, 95% CI = 0.19-0.39) 
   4 TTS Impaired 
(SMD = 0.61, 95% CI = 0.38-0.84) 
   8 Total Impaired 
(SMD = 0.34, 95% CI = 0.25-0.41) 
Munn et al. 2010 24 D 4 Anterior-posterior TTS Impaired 
(MD = 0.70, 95% CI = 0.40-1.00) 
    4 Medio-lateral TTS Impaired 
(MD = 0.60, 95% CI = 0.40-0.80) 
    4 SEBT Impaired 
(SMD = 0.40, 95% CI = 0.10-0.70) 
Proprioception McKeon and McKeon 
2012 
28 C 6 Passive JPS Impaired 
C h a p t e r  2 |  29 
 
  
 
(SMD = 0.46, 95% CI = 0.32-0.60) 
   7 Active JPS Impaired 
(SMD = 0.57, 95% CI = 0.29-0.86) 
Hiller et al. 2011 26 D 3 Passive JPS No difference 
(SMD = 0.20, 95% CI = -0.30-0.80) 
   3 Active JPS No difference 
(SMD = 1.20, 95% CI = -0.30-2.60) 
   3 Passive mixed inversion/eversion No difference 
(SMD = 0.70, 95% CI = -0.20-1.60) 
Munn et al. 2010 24 D 6 Passive JPS Impaired 
(MD = 0.70⁰, 95% CI = 0.20-1.20) 
   10 Active JPS Impaired 
(MD = 0.60⁰, 95% CI = 0.20-1.00) 
   6 PMD No meta-analysis performed 
Wright and Arnold 2011 21 E 7 Eversion force sense No meta-analysis performed 
Reaction time Hoch and McKeon 2014 29 C 13 Peroneal RT Impaired 
(ES = 1.04, 95% CI = 0.68-1.41) 
Hiller et al. 2011. 26 D 4 Peroneal RT No difference 
(MD = 3.30, 95% CI = -2.30-8.90) 
Munn et al. 2010 24 D 11 Peroneal RT No difference 
(MD = 7.80, 95% CI = -1.40-17.1) 
Strength Arnold et al. 2009 31 C 12 Concentric eversion Impaired 
(SMD = 0.22, 95% CI = 0.12-0.33) 
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Abbreviations: AP – anteroposterior, BESS – Balance Error Scoring System, CAI – chronic ankle instability, CI – confidence interval, COP – centre of pressure, DNH – 
data not homogenous, ES – effect size, JPS – joint position sense, MD – mean difference, ML, mediolateral, PMD – passive movement detection, R-AMSTAR – R(evised)- 
A MeaSurement Tool to Assess systematic Reviews, ROM – range of motion, RT – reaction time, SEBT – Star Excursion Balance Test, SLS – single-leg sway, SMD – 
standard mean difference, TTS – time to stabilisation. 
Hiller et al. 2011. 26 D 4 Concentric eversion No difference 
(SMD = 1.89, 95% CI = -0.0-3.90) 
   5 Eccentric eversion No difference 
(SMD = 1.95, 95% CI = -0.05-3.95) 
   4 Concentric inversion Impaired 
(SMD = 1.10, 95% CI = 0.20-2.10) 
   3 Eccentric inversion No difference 
(SMD = 1.50, 95% CI = -1.00-3.50) 
Bone and joint Hiller et al. 2011. 26 D 10 Anatomical, ROM, joint laxity, stiffness No meta-analysis performed 
Cordova et al. 2010 19 E 4 Anterior joint laxity No meta-analysis performed 
   3 Posterior joint laxity No meta-analysis performed 
   8 Inversion joint laxity No meta-analysis performed 
   3 Eversion joint laxity No meta-analysis performed 
Biomechanics Hiller et al. 2011. 26 D 20 Kinematics, kinetics, TTS No meta-analysis performed 
 Moisan et al., 2017 26 C 24 Kinematics, kinetics, electromyography No meta-analysis performed 
Functional 
performance 
Hiller et al. 2011. 26 D 5 Agility, jump height, hopping tests, 
shuttle run 
No meta-analysis performed 
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2.4.4.2 Factors Demonstrating a Strong Effect in Ankle Instability 
Compared to Controls 
For balance, a significant effect was observed between groups for dynamic time-to-
stabilisation measures only (SMD = 1.02, 95% CI = 0.64-1.40, 95% PI = 0.07-1.89, 
Z = 5.24, p < 0.001). In addition, there was strong evidence to support delayed 
reaction time in people with chronic ankle instability (SMD = 0.82, 95% CI = 0.48-
1.15, 95% PI = -0.53-2.17, Z = 4.91, p < 0.001). However, sub-group analyses for 
reaction time data indicated a strong, significant effect only for peroneus brevis 
reaction time (SMD = 1.23, 95% CI = 0.32-2.14, 95% PI = -5.68-8.14, Z = 2.65, p = 
0.008) and reaction time at 30° of inversion (SMD = 1.42, 95% CI = 0.86-1.98, 95% 
PI = -0.84-3.68, Z = 4.95, p < 0.001). A significant difference between people with 
CAI and controls was found for both concentric eversion (SMD = -1.61, 95% CI = -
2.80-(-0.43), 95% PI = -7.51-4.29, p = 0.001) and eccentric eversion peak torque 
(SMD = -1.62, 95% CI = -2.81-(-0.43), 95% PI = -14.14-10.91, p = 0.008). 
2.4.4.3 Factors Demonstrating a Moderate Effect in Ankle Instability 
Compared to Controls 
There was moderate evidence to suggest static balance was impaired, compared with 
controls, using measures of sway area (SMD = 0.62, 95% CI = 0.19-1.05, 95% PI = -
0.68-1.91, Z = 2.82, p = 0.005). Similarly, moderate evidence was present for 
proprioceptive measures of active (SMD = 0.62, 95% CI = 0.27-0.96, 95% PI = -
0.97-2.21, Z = 3.53, p < 0.001) and passive absolute error (SMD = 0.53, 95% CI = 
0.26-0.79, 95% PI = 0.06-1.00, Z = 3.88, p < 0.001). Further proprioceptive analyses 
based on direction tested demonstrated weak effects during passive eversion (SMD = 
0.59, 95% CI = 0.30-0.87, p < 0.01). For reaction time measures, sub-group analyses 
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based on muscle investigated showed a significant, moderate delay in peroneus 
longus (SMD = 0.72, 95% CI = 0.27-1.17, 95% PI = -0.80-2.24, Z = 3.11, p = 0.002). 
A significant-moderate effect was also found for strength. More specifically, overall 
reduced peak torque in the CAI was reduced in total concentric/eccentric inversion 
and eversion peak torque (SMD = -0.71, 95% CI = -1.00-(-0.41), 95% PI = -3.67-
2.25, Z = 4.73, p < 0.001). 
2.4.4.4 Factors Demonstrating a Weak Effect in Ankle Instability 
Compared to Controls 
Static balance sub-group analyses produced significant, yet weak effects for linear 
sway displacement (SMD = 0.37, 95% CI = 0.21-0.53, 95% PI = 0.02-0.72, Z = 4.60, 
p < 0.001) and time to boundary measures (SMD = -0.45, 95% CI = -0.77-(-0.14), 
95% PI = -1.23-0.33, Z = 2.83, p = 0.005). A weak, significant effect was also found 
for total dynamic SEBT measures in all directions (SMD = -0.28, 95% CI = -0.38-(-
0.18), Z = 5.62, p < 0.001). However, a sub-analysis based on direction indicated that 
only anteromedial (SMD = -0.35, 95% CI = -0.67-(-0.04), p = 0.03), medial (SMD = 
-0.36, 95% CI = -0.865-(-0.07), p = 0.01), posteromedial (SMD = -0.36, 95% CI = -
0.62-(-0.09), p = 0.009) and anterolateral directions (SMD = -0.34, 95% CI = -0.65-(-
0.02), p = 0.04) were significant.  For proprioceptive measures, passive movement 
detection (SMD = 0.48, 95% CI = 0.33-0.63, Z = 6.28, p < 0.001) and overall passive 
joint position sense (passive SMD = 0.45, 95% CI = 0.32-0.58, Z = 3.43, p < 0.001) 
effects were also weak.  Sub-group analyses on proprioceptive measures utilising 
active absolute joint position sense measures (active absolute SMD = 0.32, 95% CI = 
-0.13-0.77, 95% PI = -1.03-2.28, Z = 1.39, p = 0.17) again yielded weak results. 
Further proprioceptive analyses demonstrated weak effects during passive inversion 
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directions (SMD = -0.34, 95% CI = 0.18-0.50, p < 0.01). Finally, a significant-weak 
effect was found for reaction time delays in CAI at 50° of inversion (SMD = 0.21, 
95% CI = -0.36-0.79, 95% PI = -3.26-3.68, Z = 0.72, p = 0.47). 
2.4.4.5 Factors Demonstrating No Difference Between Ankle 
Instability Compared to Controls 
For static balance, measures of sway velocity and “other” (i.e. time in balance and 
number of foot lifts during single-limb stance) were not different between groups 
(sway velocity, p = 0.56; other, p = 0.07). No difference was observed in anterior, 
posterior, lateral and posterolateral reach distance between groups using the SEBT (p 
≥ 0.05). Similarly, proprioceptive measures of active (p = 0.17) and total mixed 
inversion/eversion joint position sense were not significant (p = 0.24). For reaction 
time, no significant delay was observed in tibialis anterior (p = 0.16). Only one 
primary study examined differences in extensor digitorum reaction time, and 
therefore a meta-analysis was not performed; however, no differences between 
groups were observed in this study. Within muscle comparisons over varying degrees 
of inversion was not performed due to insufficient study numbers. For strength 
measures, sub-analyses showed no significant difference for inversion strength 
(concentric inversion, p = 0.10; eccentric inversion, p = 0.09).   
2.4.4.6 Effect of Participant Selection 
Of 77 included primary studies, 13 provided adequate descriptions of participant 
inclusion criteria (17%). Reasons for studies failing to meet the International Ankle 
Consortium recommendations (P. A. Gribble, Delahunt, Bleakley, Caulfield, 
Docherty, Fourchet, et al., 2014) included: i) did not use, or provide information of 
an adequate tool to identify/classify CAI severity and/or CAI group likely included 
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acute/coper ankle sprain injuries (58%), ii) absence of a healthy control group, i.e. 
included between-limb comparisons or CAI participants post-surgery (31%), iii) 
failed to provide sufficiently detailed inclusion/exclusion detail for either the CAI or 
control groups (28%).  Due to an insufficient number of studies with appropriate 
definition of groups (CAI and control), the influence of inclusion criteria on 
proprioception, reaction time, and strength outcomes could not be calculated.  
A random-effects analysis was performed on overall static balance across the six 
studies that met the participant inclusion criteria (I2 = 68%). Removal of static 
balance studies with inadequately described inclusion criteria reduced SMD and 95% 
CI for static balance measures (SMDtotal = 0.26, 95% CI = 0.12-0.43; vs. SMDremoved 
= 0.13, 95% CI = -0.07-0.33) however, the prediction interval was reduced (95% 
PItotal = -0.49-1.27 vs. 95% PIremoved = -0.12-0.41), reflecting reduced heterogeneity 
and improved ability to predict findings in future studies. Only one study did not 
meet the recommended guidelines for inclusion of CAI and healthy control groups 
among the dynamic TTS studies (Brown & Mynark, 2007). Removal of the one 
study that did not meet inclusion criteria increased the calculated effect size (SMDtotal 
= 0.98 vs. SMDremoved = 1.29).  
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Figure 2.3. Meta-analysis summaries: confidence and prediction intervals. Legend: findings represent 
SMD with 95% confidence and prediction intervals of: static balance (a), dynamic balance (b), 
proprioception (c), reaction time (d) and strength measures (e). Abbreviations: CI - confidence 
interval, JPS - joint position sense, PB - peroneus brevis, PI - prediction interval, PL - peroneus 
longus, PMD - passive movement detection, SEBT – Star Excursion Balance Test, SMD – standard 
mean difference, TA – tibialis anterior, TTS – time to stabilisation. 
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2.5 DISCUSSION 
The findings of the current review indicated that balance, proprioception, reaction 
time and strength are impaired in ankle instability compared with healthy controls. 
However, strong effects were found for dynamic balance (quantified as TTS), 
peroneal reaction time and eversion strength measures only. Discrepancies between 
previously published systematic reviews regarding the contribution of these factors 
to ankle instability were not explained by review quality, but more likely resulted 
from methodological differences (i.e. heterogeneous participant inclusion and 
outcome measures) between included primary studies. Due to heterogeneous 
participant inclusion among primary studies, the CAI population was not well-
represented in the literature – only 17% of included primary studies clearly defined a 
chronically unstable population in accordance with the IAC inclusion guidelines (P. 
A. Gribble, Delahunt, Bleakley, Caulfield, Docherty, Fourchet, et al., 2014). Time-
to-stabilisation was the only outcome studied in a well-defined CAI population. 
Thus, findings for all other outcomes better generalise to a non-specific ‘history of 
ankle sprain’ population: combination of CAI, acute ankle instability and LAS-
copers. Based on this evidence, the contribution of static balance, reaction time, 
proprioception and strength deficits to a well-defined CAI population are still 
unclear. Readers should be cautious when applying the findings of previous 
systematic reviews, and that of the current study, to a CAI population. 
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2.5.1 Research Implications 
2.5.1.1 Factors with Evidence of a Strong Contribution to Ankle 
Instability 
There is strong evidence of a multifactorial contribution to ankle sprain injuries. 
Impaired balance, reaction time and strength likely contribute to ankle instability by 
reducing an individual’s ability to stabilise the ankle joint against inversion sprain. 
Moreover, prolonged TTS, delayed peroneal reaction time and reduced eversion 
strength likely contribute to ankle instability; thus tests to routinely assess these 
factors should be considered.  
In the current review, the calculated effect of time-to-stabilisation was stronger than 
that of previous meta-analyses (Arnold, De La Motte, et al., 2009; Munn et al., 
2010). The stronger calculated effect was likely due to missing data from one 
primary study which could not be included in the meta-analysis of the current review 
(Wikstrom et al., 2005). Various time-to-stabilisation calculation methods 
(differences in trial length, sampling rate and filtering method) employed by the 
included primary studies likely contributed to the large heterogeneity observed in the 
data (Fransz, Huurnink, de Boode, Kingma, & van Dieën, 2015). Irrespective of 
multiple calculation methods, time-to-stabilisation is a sensitive indicator of dynamic 
balance in those with CAI, with useful research applications.  
Testing method and muscle investigated are important considerations for reaction 
time measures in primary research. Pooled findings from the current review suggest 
that reaction time deficits occur up to a threshold of 30° inversion - after which 
peroneal muscle activation is likely delayed in both healthy participants and 
participants with ankle instability. Lower degrees of inversion are thus needed to 
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sensitively measure reaction time deficits in future research. Pooled data from the 
current review also suggest that reaction time deficits are specific to the peroneal 
musculature. Delayed peroneal reaction time in ankle instability was corroborated by 
one previous systematic review (Hoch & McKeon, 2014), whereas two found no 
difference (Hiller et al., 2011; Munn et al., 2010). Hoch and McKeon (Hoch & 
McKeon, 2014) examined delayed reaction time in a population with a ‘history of 
ankle instability’, compared to Hiller et al. (Hiller et al., 2011) who used more 
stringent criteria of ‘recurrent sprain’. Differences between these reviews may 
indicate delayed reaction time is present immediately post injury, but not necessarily 
in chronic populations. Alternatively reviews that found peroneal reaction time was 
not delayed in ankle instability had earlier publication dates and fewer included 
studies, which may also explain these discrepancies. 
Previous reviews have found both strong (Hiller et al., 2011) and weak (Arnold, 
Linens, et al., 2009) effects for reduced evertor strength in ankle instability. This 
discrepancy was likely due to one review using more stringent inclusion criteria for 
primary studies based on the CAI definition (Hiller et al., 2011). Consideration of the 
available evidence revealed a significant, strong effect for evertor weakness. Evertor 
weakness is thus potentially an important and modifiable factor in ankle instability 
rehabilitation, and a useful measure to identify deficits following a LAS. Following 
strength training, spinal and supra-spinal neural adaptation mechanisms result in an 
increase in motor neuron output and firing rate (Aagaard, Simonsen, Andersen, 
Magnusson, & Dyhre-Poulsen, 2002; Cutsem, Duchateau, & Hainaut, 1998). As a 
result, strength training may also have positive implications for commonly observed 
sensorimotor deficits (i.e. such as the delayed peroneal reaction time) in ankle 
instability patients.  
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2.5.1.2 Factors with Moderate Contribution to Ankle Instability 
There is only moderate evidence to support the contribution of static balance and 
proprioceptive deficits to ankle instability. The findings of this review suggest that 
static balance and proprioception are not likely to be sensitive measures of non-
specific ankle instability deficits. 
The current review found a moderate effect for reduced static balance using sway 
area measures in ankle instability. A previous review showed that static balance with 
eyes closed and/or unstable conditions produced large static postural sway deficits in 
ankle instability patients (Hiller et al., 2011). However, it is important to note that the 
number of studies examining either stable, unstable, eyes open and/or closed 
conditions was small. Post-hoc power calculations of these included studies were 
also variable, with most studies being weak to moderately powered (studies, n = 3; 
total participants, n = 41; power, 1-β = 0.14-0.98). A more recent meta-analysis on 
eleven studies indicated that both healthy individuals and those with CAI have 
significantly impaired postural stability during static, eyes-closed conditions (Song et 
al., 2016). Although static balance tasks are a simple clinical assessment tool, they 
may not be a sensitive indication of instability or recovery without visual occlusion. 
However, even with visual occlusion there is still limited evidence to suggest static 
balance is a sensitive comparison between healthy and CAI. More challenging 
dynamic stability tasks may therefore be preferable in research to examine 
sensorimotor deficits.  
Joint position sense deficits were previously shown to be significantly impaired in 
those with ankle instability, regardless of measurement differences such as between-
group or between-limb comparison, starting foot position, repositioning method 
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(active or passive), range of motion and testing velocity (McKeon & McKeon, 2012; 
Munn et al., 2010). Despite identifying statistically significant deficits, the current 
review found the effect of proprioceptive deficits to be weak to moderate only. Given 
the large number of studies included, we propose that this is not likely due to 
underpowered studies and/or insufficient data, but rather because such measures of 
proprioception are not sufficiently sensitive to detect deficits. Current methods 
utilised to measure proprioception do not replicate conditions under which ankle 
sprains occur. The ecological validity of current proprioceptive measures to assess 
ankle instability is therefore questionable and could explain why proprioception is 
not a strong indicator of ankle instability. For this reason, future research may 
consider examining proprioception at speeds which mimic ankle inversion sprains or 
alternate methods for probing proprioceptive afferents. 
2.5.1.3 Factors with Weak/No Contribution to Ankle Instability 
There is insufficient evidence to support static balance deficits using measures of 
linear sway displacement, velocity and time to boundary measures. Furthermore, 
assessing dynamic balance deficits using the SEBT, proprioception using passive 
movement detection and/or joint position sense, and strength using inversion torque 
are also weakly supported. Thus, clinicians and researchers alike should be aware 
that such tools are not useful indicators of ankle instability. 
2.5.2 Limitations and Future Directions 
Eighty-three percent of the included primary literature did not meet the desired CAI 
inclusion criteria (Gribble, Delahunt, Bleakley, Caulfield, Docherty, Fourchet, et al., 
2014). Sub-analyses based on inclusion criteria performed by the current review 
demonstrate that incorrect classification contributes to avoidable heterogeneity, 
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likely influences calculated effects and limits future applicability. Large prediction 
intervals were calculated for all outcomes, reflective of the considerable 
heterogeneity present between primary studies (Figure 2.3). Prediction intervals 
complement confidence intervals by estimating the range of expected effects in 
future studies (Guddat, Grouven, Bender, & Skipka, 2012; IntHout, Ioannidis, 
Rovers, & Goeman, 2016). Based on the calculated prediction intervals, all outcome 
measures are unlikely to show significance if future CAI research continues with 
poor standardisation of participant inclusion criteria. Further research with 
adequately controlled participant selection, reflective of the CAI population, is 
therefore necessary to understand the foundation of CAI development and its 
contributing factors. 
Measurements of contributing factors in this population have focused on clinical and 
functional outcomes. Balance, proprioception and reaction time have been used to 
indirectly assess deficits in sensorimotor control, but the mechanisms behind these 
deficits are still unclear. Passive proprioceptive tests and active proprioceptive tests 
bias joint and musculotendinous mechanoreceptors, respectively (Röijezon, Clark, & 
Treleaven, 2015). The weak to moderate effects found for proprioception measures 
may suggest that such deficits are specific to the motor portion of the sensorimotor 
pathway. Mechanisms of neuromuscular control mediated by the sensorimotor 
pathway have yet to be comprehensively examined in this population. Emerging 
research suggests that neuromuscular control may be altered at both a spinal and 
supra-spinal level (Pietrosimone & Gribble, 2012; Sedory, McVey, Cross, Ingersoll, 
& Hertel, 2007; Sefton, 2007; Sefton et al., 2009). Identifying these mechanisms will 
likely assist the development of more targeted rehabilitation programs for CAI.   
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Literature Review 
Measuring spinal reflex excitability in those with CAI. 
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2.6 NOVEL METHODS TO ASSESS SENSORIMOTOR 
MECHANISMS OF CHRONIC ANKLE INSTABILITY 
Balance, proprioception, reaction time and strength measures offer a superficial 
understanding of sensorimotor control. As differences in strength, balance and laxity 
account for 45.9% of the variance between CAI and healthy controls (Hubbard, 
2005) only, a large proportion of variance remains unexplained. 
The successful completion of dynamic tasks requires complex gating of visual, 
auditory, articular and tactile sensory information (Magill & Anderson, 2007). 
Balance, proprioception, strength and kinematic patterns are commonly utilised as 
relatively simple measures to identify clinically meaningful sensorimotor deficits in 
CAI (Thompson et al., 2017). As these measures reflect the combined output from 
corticospinal drive and sensory integration, the exact mechanisms causing functional 
deficits in CAI remain unclear. Thus, more sensitive measures of neuromuscular 
system activity are needed to identify the exact mechanisms underpinning functional 
deficits in CAI. Figure 2.4 outlines the multitude of mechanisms capable of 
influencing cortical and spinal excitability changes in CAI. Due to the vast number 
of mechanisms, many are beyond the scope of this thesis.  
 
 
 
 
C h a p t e r  2 |  44 
 
  
 
Cortical 
excitability
Intra-limb 
control
Intra-cortical 
inhibition
Sensorimotor 
integration
Inter-limb 
control
Inter-
hemispheric 
inhibition
Cerebellum
Spinal 
excitability
Intra-limb
control
Pre-synpatic 
inhibition
Post-synaptic 
inhibition
Inter-limb
control
Crossed spinal 
reflexes
Peripheral 
excitability 
Fiber type
Na+ K+ Pump
Actin & Myosin 
Cross-bridge 
kinetics 
Metabolic 
perturbation
 
 
 
 
 
 
 
Figure 2.4. Known factors that influence the excitability and control of the nervous system. 
 
Impaired sensorimotor integration, at either cortical and/or spinal levels, is believed 
to impact an individual’s ability to anticipate and appropriately respond to a 
perturbation in CAI (Wikstrom, Arrigenna, Tillman, & Borsa, 2006). Research has 
begun to examine changes in neuronal excitability and pathways mediating 
sensorimotor control in CAI indiviudals. Previous research has demonstrated 
relationships between altered corticospinal excitability and lower self-report function 
in CAI using trans magnetic stimulation, or TMS (Pietrosimone & Gribble, 2012). 
As TMS reflects the compound excitability of both cortical and spinal structures, 
additional techniques are needed to delineate the excitability of lower-spinal 
structures.  
Findings of altered spinal excitability in those with CAI are conflicting. Some studies 
report reduced H-reflex excitability (Bowker et al., 2016; McVey, Palmieri, 
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Docherty, Zinder, & Ingersol, 2005), whilst others increased (Sefton, Yarar, Hicks-
Little, Berry, & Cordova, 2011) or showed no difference (Sefton et al., 2008, 2009). 
Findings of pre-synaptic and post-synaptic inhibitory control of the spinal reflex 
pathway are similarly inconsistent (Sefton et al., 2008, 2009, 2011). Reasons for 
differences between these studies are unclear. Thus, clarifying the presence (or 
absence) of altered spinal excitability in a CAI population is first necessary to be able 
to delineate changes in spinal and cortical excitability. For the purpose of this thesis, 
Part B of Chapter Two focusses on the physiology and measures used to probe 
changes in the excitability of spinal-level neuronal pathways, only.   
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2.7 PHYSIOLOGY OF THE SPINAL REFLEXES 
Spinal stretch reflexes (H-reflex, tendon jerk and short latency spinal response) rely 
on monosynaptic excitation of homonymous Ia afferents (Magladery, Porter, Park, & 
Teasdall, 1951). A monosynpatic pathway consists of an Ia-afferent fibre, an efferent 
fibre projecting onto the homonymous skeletal muscle and the corresponding Ia-
alpha motorneuron synapse in the anterior horn of the spinal cord (Figure 2.5).  
Functionally however, spinal reflex responses differ (Pierrot-Deseilligny & Burke, 
2012): i) short-latency stretch reflexes are composed primarily of Ia-excitation but 
may also include group II volleys from muscle spindles activated during dynamic 
movement, ii) tendon jerk responses are activated following dynamic stretch of a 
muscle, and iii) electrically-induced H-reflexes are elicited proximal to the muscle 
belly, removing the influence of muscle spindle and gamma motor neuron discharge 
and making it an attractive tool for the use in motor control studies (Knikou, 2008). 
Common to each spinal reflex however, is the discharge and modulation of Ia-
afferent firing.  
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Figure 2.5. The monosynaptic reflex pathway. A sensory afferent fibre (green) projects onto the alpha-
motorneuron of an efferent fibre (red) in the anterior horn of the spinal cord.  
 
During more dynamic tasks, and following a perturbation, a stretch reflex response 
may be observed. Generally, four distinct peaks in muscle activity may be observed 
within this stretch reflex. These bursts in muscle activation represent a short latency 
response (SLR) at ~45 ms, medium latency response (MLR) at ~70 ms and two long 
latency responses (LLR1 and LLR2) at 90 ms and 120 ms, respectively. The short 
latency response primarily represents a simple, spinal stretch reflex and activation of 
Ia-afferent in response to a change in muscle length (Taylor, Stein, & Murphy, 
1985). As stated above, this response is considered to be a monosynaptic spinal 
reflex. Electrically-induced spinal reflex (H-reflex) excitability is high at the SLR, 
indicative of increased Ia-afferent firing along the spinal reflex pathway at this time, 
and progressively reduced in medium and long latency responses (Taube et al., 
2008). Inhibition of spinal reflex excitability at the long latency responses coincides 
with facilitated corticospinal excitability (Taube et al., 2008), thus supporting that 
these longer responses are mediated by a transcortical pathway. The physiological 
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properties of the MLR, however, are less understood. While some have purported 
that the MLR is initiated by activation of group II afferent fibres via slow conducting 
spindles (Dietz, 1992; Dietz, Quintern, & Berger, 1985), others have suggested that 
the MLR properties are similar to SLR Ia-afferent firing (Berardelli et al., 1982; 
Fellows, Dömges, Töpper, Thilmann, & Noth, 1993). Functionally, reduced spinal 
reflex excitability in longer latency responses is thought to represent a shift towards 
supra-spinal regulation of muscle stiffness (Cronin, Carty, & Barrett, 2011; Taube et 
al., 2008) and neuromuscular control (Zehr, 2002). 
2.7.1 Experimental measurement of Spinal Reflexes 
The H-reflex has become the primary tool used to investigate the spinal reflex 
pathway in those with chronic disease and postural instability (Avela, Finni, & Komi, 
2006; Johnson, Kipp, & Hoffman, 2012; Piirainen, Linnamo, Sippola, & Avela, 
2012) – likely due its simplicity, non-invasive nature and cost-effectiveness relative 
to other measures of nervous system activity. Other techniques however, include 
using trans-direct spinal stimulation to elicit multi-segmental muscle responses 
(MMRs) in the lower limb.  
Although defined as a simple, monosynaptic reflex, H-reflexes and MMRs are a 
complex neural response capable of being modulated by many factors. Similar to the 
naturally occurring SLR, it is understood that these reflexes are modulated according 
to muscle length (Alrowayeh, Sabbahi, & Etnyre, 2011; Chen et al., 2010; 
Robertson, Kitano, Koceja, & Riley, 2012), background level of muscle activation 
(Tahayori, Kitano, Hong, & Koceja, 2010), force production (Ali & Sabbahi, 2000; 
Butler, Yue, & Darling, 1993; Nakazawa et al., 2004), and the phase of a given 
motor task (Leukel, Gollhofer, Keller, & Taube, 2008; Taube et al., 2008). Down-
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regulation of H-reflex excitability, with increased task difficulty, is thought to 
indicate a shift in control toward supraspinal centres through pre- and post-synaptic 
gating. Together, these are thought to allow for increased precision of movement 
control (Kim, Hart, & Hertel, 2013; Kim, Ingersoll, & Hertel, 2012; Taube, Gruber, 
& Gollhofer, 2008; Zehr, 2002).  As the nervous system can express reflexes 
according to task-demands and presence of disease, it is important to understand the 
factors that regulate spinal reflex excitability, and adequate methods to assess them, 
to better understand the mechanism(s) of aberrant spinal-level sensorimotor control 
in clinical populations.  
2.7.1 Ipsilateral Control of Spinal Reflexes 
Fine control of human movement is achieved through complex gating of peripheral 
sensory information and drive from the central nervous system. Complex regulation 
of the spinal reflex response is mediated through polysynaptic pathways and 
inhibitory interneurons that together, gate neurotransmitter release from the Ia-
afferent and uptake into the alpha-motorneuron (Figure 2.6). Ipsilateral pathways that 
control the release of neurotransmitters from the sensory afferent, and those 
regulating uptake into the alpa-motorneuron, are defined as pre-synaptic and post-
synaptic mechanisms, respectively.  
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Figure 2.6. Complex connections responsible for regulating the release of neurotransmitters in the 
monosynaptic pathway. Sensory afferent (green), motor fibres (red), Renshaw cell (blue), Ia inhibitory 
interneuron (black). 
 
 
 
2.7.1.1 Pre-synaptic inhibition 
Functionally, pre-synaptic inhibition (PSI) acts to gate afferent input to motor neuron 
and supraspinal centres (Pierrot-Deseilligny & Burke, 2012). Pre-synaptic inhibition 
is mediated by two pathways: Gamma-Amino Butyric Acid (GABA)-mediated 
primary afferent depolarisation and homosynaptic post-activation depression. 
GABA-mediated pre-synaptic inhibition occurs through the interaction of 
neurotransmitter release at the site of the Ia-motor neuron synapse and GABA 
receptors. Volleys from adjacent sensory afferents (Ia and Ib) activate pre-synaptic 
inhibitory interneurons within the spinal cord, triggering the release of chlorine (Cl-) 
ions that block calcium (Ca+) influx, and ultimately inhibit depolarisation (Hultborn, 
Meunier, Pierrot-Deseilligny, & Shindo, 1987; Pierrot-Deseilligny, 1997; Pierrot-
Deseilligny & Burke, 2012). By comparison, dramatic homosynaptic depression of Ia 
volleys at short intervals (1-2 s) occurs due to previous depolarisation of the Ia-
afferent, which reduces the number of available neurotransmitters for subsequent 
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afferent volleys (Magladery & McDougal, 1950). This depression is not completely 
negated until 10 seconds post-stimulus (Robertson et al., 2012), however, the effects 
are suggested to be sufficiently small after 3-4 seconds. 
In healthy individuals, pre-synaptic inhibition (PSI) can be highly potent and capable 
of completely depressing the monosynaptic reflex (Eccles, Schmidt, & Willis, 1962). 
Increasing PSI is postulated to assist stability and reduce the risk of unexpected 
reflex activity, which may negatively challenge balance control during activities with 
greater postural demand (Katz, Meunier, & Pierrot-Deseillgny, 1988). Further, 
hyperreflexia is observed in conditions with reduced PSI, whilst hyporeflexia in 
conditions with enhanced PSI (Calancie et al., 1993; Nielsen, Petersen, & Crone, 
1995). In support of PSI-balance control hypothesis, previous data indicate elderly 
individuals (Angulo-Kinzler, Mynark, & Koceja, 1998; D. Koceja, Markus, & 
Trimble, 1995), and those with CAI (Sefton, 2007), are unable to increase PSI with 
increased task complexity (Baudry & Duchateau, 2012; D. Koceja & Mynark, 2000; 
Morita et al., 1995; Tsuruike, Koceja, Yabe, & Shima, 2003).  
In addition to clinical conditions, PSI is altered in the presence of biopsychosocial 
disorders: i) pain is known to reduce pre-synaptic inhibition (Rossi, Decchi, & 
Ginanneschi, 1999), and ii) fear, anxiety, and aversion are associated with cortico-
spinal hyper-excitability (Adkin, Campbell, Chua, & Carpenter, 2008; Suzuki, Rygh, 
& Dickenson, 2004). Similarly, anxiety-related reflex modulation is thought to be 
mediated by pre-synaptic inhibition (Sibley, Carpenter, Perry, & Frank, 2007). As 
both pain and perceived instability are strong predictors of CAI classification, these 
factors are likely capable of influencing pre-synaptic inhibition in CAI, and 
contribute to instability. To date, the relationship between pain and feelings of 
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instability with altered spinal reflex excitability has yet to be examined in a CAI 
population.  
2.7.1.2 Post-synaptic inhibition 
Post-synaptic inhibition acts by influencing uptake of neurotransmitters into the 
alpha-motorneuron cell nucleus. Prior activation of alpha-motorneurons activates 
Renshaw cells that inhibit both homonymous and synergistic motor neurons (Eccles, 
Fatt, & Koketsu, 1954; Renshaw, 1941), termed recurrent inhibition. Due to their 
projection in the spinal cord, Renshaw cells are capable of inhibiting reciprocal 
interneurons, as well as other Renshaw cells (Pierrot-Deseilligny & Burke, 2012). 
During contraction of the antagonistic muscle, recurrent inhibition is believed to be 
one of the mechanisms that prevents stretch of an agonist muscle, in addition to 
reciprocal inhibition.  
The reciprocal inhibition pathway connects agonistic afferents with an antagonistic 
motor neuron, via an inhibitory interneuron (Pierrot-Deseilligny & Burke, 2012). 
Reciprocal inhibition functions to control coordinated contraction of agonists and 
relaxation of antagonists (Nielsen & Kagamihara, 1992). To allow parallel activation 
between two antagonistic muscles, projections from both pre-synaptic inhibition and 
recurrent inhibition are then responsible for depressing the reciprocal inhibitory 
interneurons (Nielsen & Kagamihara, 1992). Nielsen and Kagamihara (1992) 
reported that reciprocal inhibition between ankle muscles was reduced when subjects 
were forced to co-contract plantar- and dorsi-flexors in order to maintain balance. 
Previous reports of irregular co-activation of lower-limb musculature in individuals 
with CAI (Feger, Donovan, Hart, & Hertel, 2015), may support changes in reciprocal 
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Ia inhibition mediated by either GABA-mediated pre-synaptic and/or recurrent 
inhibition. 
In comparison to pre-synaptic mechanisms, limited research has investigated the 
contribution of recurrent and reciprocal inhibition to the maintenance of stability; 
likely due to the complexity of measurement. It is understood that co-contraction 
between antagonists is enhanced during challenging postural tasks (Nielsen & 
Kagamihara, 1992). Analogous to pre-synaptic mechanisms, reduced reciprocal and 
recurrent inhibition are similarly symptomatic of hyperreflexia and spasticity (Crone, 
Johnsen, Biering‐Sørensen, & Nielsen, 2006; Crone, Nielsen, Petersen, Ballegaard, 
& Hultborn, 1994; Crone et al., 2007; R Katz & Pierrot-Deseilligny, 1982, 1999; 
Yanagisawa, Shindo, & Morita, 1997). Changes in antagonistic activation may 
therefore alter reflex excitability through the reciprocal pathway.  
Despite this evidence, reciprocal inhibition is not believed to be the primary 
mechanism impairing balance in the presence of increased spinal reflex excitability, 
as changes in spinal reflex excitability occur without changes in the background 
muscle activity and co-contraction following a balance intervention (Taube et al., 
2007; Taube et al., 2008; Trimble & Koceja, 2001). Further, recurrent inhibition of 
the resting soleus muscle is not altered with age, or risk of fall (Chalmers & Knutzen, 
2004). In contrast, higher recurrent inhibition was demonstrated in CAI (Sefton, 
2007; Sefton et al., 2008, 2009). Taken together, postsynaptic mechanisms are 
unlikely to be fundamental factors in reflex alterations following balance training; 
however, its contribution to CAI classification should be explored further. 
2.7.2 Contralateral Control of Spinal Reflexes 
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Human locomotion and maintenance of posture requires the complex regulation and 
coordination of muscle activation within, and between limbs. The organisation of 
inter-limb coordination is easily demonstrated by obstruction of the swing phase 
during gait, while producing a short-latency contralateral muscle response (Dietz et 
al., 1985). Further, both limbs will demonstrate the same time-space behaviour 
despite stepping on a split-belt treadmill with belts running at different speeds, 
suggestive that these responses likely maintain symmetry between limbs (Dietz, 
Zijlstra, & Duysens, 1994; Erni & Dietz, 2001; Prokop, Berger, Zijlstra, & Dietz, 
1995). Simply, gait patterns of one limb are dependent on that of the contralateral 
limb in healthy adults. Due to the short-latency of muscle responses observed, these 
contralateral responses are believed to be mediated at the spinal-level (Hiebert, 
Gorassini, Jiang, Prochazka, & Pearson, 1994). Similar to neural circuitries observed 
in mammalian models (Cazalets & Bertrand, 2000; Duysens & Van de Crommert, 
1998; Grillner, 2011; Miller, Van Der Burg, & Van Der Meche, 1975), it is therefore 
believed that the human spinal cord contains networks that interconnect each limb 
(Figure 2.7). 
 
 
 
 
 
 
 
 
 
Figure 2.7. Spinal pathway mediating inter-limb communication between Ia (green) and contr-lateral 
alpha-motorneurons (red) via spinal commissural interneurons (blue). 
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Spinal and supraspinal contralateral reflexes are important for the maintenance of 
balance and restoration of movement following a perturbation (Dietz, 2002; Dietz et 
al., 2004). It is suggested that the inhibition of the contralateral musculature, 
observed through spinal crossed reflex responses, may be a mechanism to halt 
spinally-mediated drive until more appropriate supraspinal responses are provided 
(Frigon & Rossignol, 2008). Simply, it is believed that crossed reflex responses may 
be useful for shifting control to more precise supraspinal centres for the maintenance 
and restoration of balance. In the cat lumbar spinal cord, two sub-populations of 
commissural interneurons were shown to be distinguishable based on the afferent 
projections that innervate them (Jankowska, 2008). One is innervated by the 
integration of group I, reticulospinal and vestibulospinal projections. The second, is 
directly activated by group II afferent projections. Both however, are controlled 
through complex ogliosynaptic pathways which integrate descending and peripheral 
input (Jankowska, Edgley, Krutki, & Hammar, 2005; Jankowska & Edgley, 2006). 
Previous research (Gervasio et al., 2015; Gervasio et al., 2017; Stevenson, Geertsen, 
Sinkjær, Nielsen, & Mrachacz-Kersting, 2015; Stubbs et al., 2011) in healthy human 
populations has probed this pathway using ipsilateral tibial nerve stimulation.  
Ipsilateral tibial nerve stimulation evokes a task short-latency crossed reflex response 
(SLCR) and long-latency contralateral reflex respons (LLCR) in the triceps surae. 
Measurement of contralateral reflex responses in the lower-limb is relatively novel 
with limited understanding of this pathway; however, it is understood that the SLCR 
responses are consistent with the timing of a spinal reflex response, modulated 
according to the demands and phase of a task (Gervasio et al., 2015; Gervasio et al., 
2017; Stubbs et al., 2011) and in the presence of disease (Stubbs et al., 2012). By 
comparison, timing of LLCRs indicate that they are most likely to have a supraspinal 
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contribution (Gervasio et al., 2015; Gervasio et al., 2017; Stevenson et al., 2015; 
Stubbs et al., 2011). As both SLCR and LLCR responses are mediated by 
commissural interneurons that connect one limb to the other (Berger, Dietz, & 
Quintern, 1984), a deficit in this pathway could be a mechanism for the unexplained 
bilateral transfer of instability and aberrant sensorimotor control following a 
unilateral ankle sprain in LAS-coper and CAI populations. 
2.7.3 The H-reflex and Methodological Considerations in Research 
Percutaneous nerve stimulation is capable of producing two responses in the 
homonymous musculature: a short latency (8-10 ms) direct motor response (M-wave) 
from the site of stimulation to the neuromuscular junction, and an H-reflex  (30-45 
ms) which is propagated along the Ia-afferent nerve fibre before depolarising of the 
alpha-motorneuron to generate an efferent response (Ali & Sabbahi, 2001; Knikou, 
2008; Kudina & Alexeeva, 1992).  
In the lower limb, these responses appear in the distal muscles innervated by that 
nerve. For example, stimulation of the posterior tibial nerve will elicit sensory and 
motor responses in soleus and gastrocnemius, stimulation of the common peroneal 
nerve will activate tibialis anterior and the peroneal musculature, while stimulation 
of the sciatic nerve will elicit responses in all four. When activating the posterior 
tibial nerve in the popliteal fossa, electrical stimulation can transcend beyond the 
fibres of interest into neighbouring nerve fibres in close proximity. For example, 
stimulation may activate both posterior tibial and common peroneal nerve fibres, 
eliciting antagonist activation and reciprocal inhibition. Thus, to avoid confounding 
by reciprocal inhibition of the soleus, tibialis anterior activation should be monitored 
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during testing to ensure stimulation of the posterior tibial nerve does not also activate 
common peroneal nerve fibres. 
At intensities above motor threshold, percutaneous nerve stimulation generates an 
orthodromic afferent volley (H-reflex) and an antidromic efferent volley, which are 
propagated toward the Ia-motor neuron synapse in the spinal cord (Figure 2.8, A). 
Eliciting H-reflexes above motor threshold therefore results in a collision of 
orthodromic afferent and antidromic efferent volleys. With increasing intensity, an 
antidromic volley supersedes an H-reflex (descending portion of the recruitment 
curve, Figure 2.8, B). In addition to antidromic collision, both pre- and post-synaptic 
inhibitory mechanisms are more prevalent on the descending portion of the 
recruitment curve.  For these reasons, it is recommended that H-reflexes are elicited 
below motor threshold to avoid confounding of the H-reflex signal from antidromic 
collision (Figure 2.8, C). 
 
 
Figure 2.8. Basic Methodology. A) (Left) Percutaneous stimulation of a peripheral nerve fibre 
proximal to the muscle belly elicits orthodromic (positive) H-reflex and motor responses (M-wave), in 
addition to an antidromic (negative) motor response. B) (Centre) With increasing stimulus intensity, 
the negative motor volley begins to collide with the positive H-reflex until H’s are no longer 
observable on the EMG trace, leaving only M-waves. s, Stim artefact; M, M-wave; H, H-reflex. C) 
(Right) Raw H-reflex and M-wave recruitment curves. 
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Findings and stimulation parameters of previous H-reflex studies in CAI populations 
are summarised in Table 2.7. Previous CAI research investigating pre and post-
synaptic mechanisms of spinal reflex excitability (Sefton, 2007; Sefton et al., 2009) 
have controlled the stimulus intensity at 25-35 % of the maximal direct motor, or M-
max response. Methods using 10-30 % of M-max are reported to elicit ‘small M-
wave’ responses (Perez, Lungholt, & Nielsen, 2005; Tahayori, Tahayori, & Koceja, 
2015). At such intensities, H-reflexes are likely confounded by antidromic collision 
and post-synaptic influences in some individuals (Knikou, 2008; Zehr, 2002), and 
therefore unlikely to accurately reflect Ia-afferent modulation in the spinal cord.  
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Table 2.7. Characteristics of spinal reflex studies in CAI 
Author, Year  Participants Position: nerve, posture Muscles Measure, stimulus intensity Finding 
McVey et al., 
2005 
Do not meet IAC 
reporting standards.  
 
Sciatic nerve,  
lying prone 
Soleus, 
Peroneals, 
Tibialis 
Anterior 
 
Hmax:Mmax Reduced peroneal and soleus H:M 
ratio compared to uninjured limb. 
Sefton et al., 
2008 
Met IAC reporting 
standards.  
 
Posterior tibial,  
bipedal and unipedal stance 
Soleus Hmax:Mmax No difference between groups 
 
Pre-synaptic inhibition, Paired pulse 
at 35 % M-max, 80 ms ISI 
 
No difference between groups 
 
Recurrent inhibition,  
Paired pulse at 25 % M-max, 15 ms 
ISI 
 
 
Higher in CAI in single and 
double leg postures 
Sefton et al, 
2009  
Met IAC reporting 
standards.  
 
Posterior tibial, 
bipedal and unipedal stance 
Soleus Hmax:Mmax No difference between groups 
 
Pre-synaptic inhibition, Paired pulse 
at 35 % M-max, 80 ms ISI 
 
Lower in CAI in single-leg stance, 
only 
 
Recurrent inhibition,  
Paired pulse at 25 % M-max, 15 ms 
 
Higher in CAI in single and 
double leg postures 
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ISI 
 
 
 
 
Sefton et al., 
2011 
Met IAC reporting 
standards.  
Healthy comparison 
Posterior tibial,  
bipedal and unipedal stance 
Soleus Hmax:Mmax Higher in CAI 
 
Pre-synaptic inhibition, Paired pulse 
at 35 % M-max, 80 ms ISI 
 
Higher in single-leg following 6-
week balance intervention 
 
Recurrent inhibition, 
Paired pulse at 25 % Mmax, 15  ms 
ISI 
 
No difference between groups 
Kim et al., 
2016 
No healthy control. Sciatic, 
Prone, bipedal and unipedal stance 
Soleus, 
Peroneals 
Hmax:Mmax Self-report function correlated 
with H-reflex modulation 
 
Bowker et al., 
2016 
Met IAC reporting 
standards. Healthy and 
coper comparison 
Posterior tibial,  
seated 
Soleus Hmax:Mmax Smaller in CAI, compared to 
healthy and coper groups 
No difference between healthy 
and coper population 
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Terada et al., 
2017 
Met IAC reporting 
standards. Healthy and 
coper comparison 
Posterior tibial,  
seated 
Soleus Hmax:Mmax Perceived instability and 
recurrent ankle sprain correlated 
with altered H:M ratio 
CAI – chronic ankle instability; Hmax:Mmax ratio, maximal H-reflex expressed as a percentage of the maximal motor response; IAC, International Ankle Consortium; ISI – 
inter-stimulus interval; Mmax, maximal motor response; ms, millisecond. 
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Previous assessment of spinal excitability in CAI individuals is conflicting (Sefton et 
al., 2008, 2009). Discrepancies between studies may be a result of the chosen 
stimulation intensity (described above) or experimental posture (Table 2.7). In 
healthy individuals, H-reflex excitability and pre-synaptic inhibition is modulated 
according to joint positions, contraction intensities and following pre-stretch of a 
homonymous muscle (Alrowayeh et al., 2011; Butler et al., 1993; Chen et al., 2010; 
Robertson et al., 2012). An inability to modulate H-reflex excitability, through pre-
synaptic mechanisms, may therefore lead to aberrant movement control in different 
postures. Due to sensitivity with movement, H-reflex excitability is most commonly 
probed under static postures to ensure accuracy of the response. However, conjecture 
regarding the appropriate experimental posture should account for activities/positions 
which elicit functional deficits within a given population. Dynamic modulation of 
spinal reflex excitability during functional landing tasks that mimic movement 
patterns in which ankle sprains occur, may show greater differences and provide 
insight into the implications of altered spinal reflex excitability on stabilisation 
control.  
Despite uncertainty regarding differences between groups, data from regression 
analyses indicate that altered H-reflex excitability is likely related to recurrent injury 
and instability. Inter-individual variation in H-reflex responses are reported to 
partially explain Foot and Ankle Disability Index scores (Kim et al., 2016), recurrent 
ankle sprain incidence and perceived ankle instability (Terada et al., 2017). To date, 
research has yet to relate the source of variation in spinal reflex excitability, 
specifically altered pre- and post-synaptic mechanisms, with chronic ankle 
instability. Thus, the relationship between pain, feelings of instability, changes in 
spinal reflex excitability under different body orientations, and the contribution of 
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altered spinal reflex excitability to functional deficits in CAI is an important gap for 
future research to address.  
2.7.4 Future research directions 
Many limitations were identified in the above sections. As a result, there are gaps in 
our understanding of the mechanisms mediating altered spinal-level excitability in 
CAI. In a recent study (Thompson, Schabrun, & Marshall, 2016), we proposed that 
eliciting H-reflexes at an intensity equal to a percentage of the maximal H-reflex 
response (e.g. 50% of Hmax), as opposed to the Mmax, was a reliable and more 
accurate measure of spinal reflex excitability during functional and dynamic tasks. 
The first experimental study within this thesis was designed to examine spinal reflex 
excitability and mechanisms of inhibition at 50 % of H-max, in an effort to get a 
more accurate indication of altered spinal reflex excitability in CAI populations.  
It is proposed that comparisons between CAI, coper and healthy populations will 
provide some insight into whether altered spinal reflex excitability is a symptom of 
chronicity, or simply injury. Previously, two studies have compared the Hmax:Mmax 
ratio between CAI, healthy and an acute LAS-coper population. However, 
differences in pre-synaptic and post-synaptic inhibition, and its relationship to self-
report function, are unexplored in a CAI and coper populations. Further, reciprocal 
inhibition and contralateral reflex responses are yet to be examined. Studies 1, 2 and 
3 of this thesis will therefore include all three populations for comparison of both 
ipsilateral and contralateral control of spinal reflex excitability, which meets the IAC 
recommended standards for participant inclusion in CAI research (Gribble, Delahunt, 
Bleakley, Caulfield, Docherty, Fong, et al., 2014).  
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Finally, it is understood that spinal reflex excitability is modulated according to the 
postural demand of a task. As individuals do not experience LAS injuries under static 
postures, examining the spinal reflex pathway during dynamic movement and 
loading patterns may demonstrate the functional significance of altered spinal 
excitability in this population. 
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2.8 CONCLUSION 
Ankle instability is a multi-faceted condition that incorporates dynamic balance, 
peroneal reaction time and eversion strength deficits. Unfortunately, the common 
reporting of inadequately detailed inclusion criteria across primary studies limits 
interpretation and applicability of the current research to the CAI population. Thus, 
future research must follow the IAC recommendations for adequate reporting of 
participants in CAI research. Further, balance, reaction time and strength outcomes 
are useful measures to identify deficits in sensorimotor control between healthy and 
those with ankle sprain injuries however, more specific mechanistic measures are 
needed to identify the source of altered sensorimotor control in this population.  
The H-reflex is an appropriate measure of the extremely complex spinal reflex 
response. A multitude of factors contribute to the H-reflex signal. The down-
regulation of H-reflex excitability in more challenging postures is thought to indicate 
a functional role in maintaining upright posture and balance, and result from a shift 
in control to supra-spinal centres that modulate pre- and post-synaptic events to 
allow for increased precision of neuromuscular control. An inability to regulate the 
spinal reflex pathway in CAI could plausibly explain balance deficits observed in 
this population however, due to methodological considerations, the presence and 
contribution of altered spinal reflex in CAI are not well-understood. The subsequent 
experimental research in this thesis aims to clarify differences in ipsilateral and 
contralateral mechanisms of spinal reflex excitability in CAI, copers and healthy 
controls. 
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Chapter 3 
 
Intra-limb Mechanisms 
Altered spinal-level sensorimotor control related to pain and perceived 
instability in people with chronic ankle instability.  
Journal of Science and Medicine in Sport (2018). 
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3.1 BACKGROUND 
After sustaining a lateral ankle sprain (LAS), up to 70% of individuals experience 
residual pain, feelings of instability and recurrent ankle sprain injuries (Hiller et al., 
2011; Van Rijn et al., 2008; Yeung et al., 1994). Such characteristics are 
symptomatic of chronic ankle instability (CAI) – a condition associated with reduced 
quality of life and early onset osteoarthritis (Thompson et al., 2017). A large body of 
evidence has shown increased postural sway, prolonged peroneal reaction time and 
reduced eversion strength likely contribute to ankle sprain injuries (Thompson et al., 
2017). As these factors are dependent on the ability of the central nervous system to 
drive and appropriately respond to a perturbation, impaired sensorimotor integration 
is thought to contribute to the development of CAI (Hertel, 2008).  
Sensorimotor integration occurs through complex neural networks that combine 
sensory input from multiple sources to generate an appropriate motor response 
(Machado et al., 2010). During functional tasks, the first sensorimotor response to a 
change in postural position is mediated at the spinal cord (Taube et al., 2008). These 
spinal reflexes are the body’s first opportunity to respond to a de-stabilising task, and 
occur at latencies consistent with the onset of LAS injuries (Terada & Gribble, 
2015). Centre of mass displacement and postural sway size are primarily controlled 
by gastrocnemius-soleus activity during stance (Loram & Lakie, 2002). Individuals 
with CAI show reduced maximal spinal reflex responses of the soleus (assessed 
using H-reflexes) in seated postures (Bowker et al., 2016; Terada et al., 2017), and 
no difference during stance (Sefton et al., 2008, 2009) compared to LAS-coper 
(individuals who have incurred an ankle sprain, but report no chronic symptoms) and 
C h a p t e r  3 |  68 
 
  
 
healthy populations (no history of lateral ankle sprain). Inconsistent reports of altered 
soleus H-reflex responses based on postural position limits interpretation regarding 
the importance of this mechanism in CAI. However, recent research has shown inter-
individual variance in soleus H-reflex excitability can be partially explained by self-
report perceived instability and recurrent ankle sprain injury in those with CAI, LAS-
coper and healthy controls (Kim et al., 2016; Terada et al., 2017). Differences in self-
report pain also explained a proportion of variance in soleus H-reflex excitability in 
those with an acute LAS injury and healthy controls (Klykken, Pietrosimone, Kim, 
Ingersoll, & Hertel, 2011). Together, these studies suggest that altered spinal reflex 
excitability is associated with self-report function in CAI. 
Further investigation into the mechanistic control of the spinal reflex pathway has 
shown that individuals with CAI are unable to modulate pre-synaptic inhibition, and 
have greater recurrent inhibition, of soleus spinal reflex excitability when compared 
to healthy controls in single and double-leg stance (Sefton et al., 2008, 2009). 
However, comparisons of pre-synaptic and recurrent inhibition in CAI have yet to 
include a LAS-coper population and it is unknown whether impaired regulation of 
the spinal reflex pathway, through pre-synaptic and recurrent inhibition, is 
characteristic of injury history (common to CAI and LAS-copers), or symptomatic of 
chronic ankle instability (CAI alone). Further, the relationship between pain, 
perceived instability and variance in pre-synaptic and recurrent inhibition of the 
soleus muscle has not been compared between the CAI, LAS-coper and healthy 
populations. If differences in pre-synaptic and recurrent inhibition are a 
distinguishing feature of CAI compared with LAS-coper and healthy controls, it is 
possible that self-report function might explain individual variance. This study aimed 
to compare spinal reflex excitability, pre-synaptic and recurrent inhibition between 
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individuals with CAI, healthy controls, and LAS-copers during single and double-leg 
stance. A secondary aim was to examine the relationship between spinal reflex 
excitability and differences in self-report measures of pain and perceived instability 
between groups.  
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3.2 METHOD 
3.2.1 Participants 
Twelve individuals with CAI (4 females, 8 males; age, 25.2 ± 3.7 yrs; ht., 177.7 ± 
8.1 cm; wt., 75.8 ± 14.8 kg), twelve ‘copers’ (4 females, 8 males; age, 24.2 ± 4.7 yrs; 
ht., 172.1 ± 8.2 cm; wt., 71.4 ± 6.9 kg) and twelve healthy (4 females, 8 males; age, 
23.3 ± 4.5 yrs; ht., 171.6 ± 6.2 cm; wt., 74.3 ± 10.2 kg) age, limb and sex-matched 
controls participated. All participants were recreationally physically active according 
to their own operational definition.  
All individuals presented without a history of neurological or orthopaedic 
impairment. Individuals with a history of surgery, fracture requiring realignment 
and/or acute injury to the musculoskeletal structures (bone, joint structure and/or 
nerve) in either lower limb were excluded. All research was conducted according to 
ethical standards outlined in the Helsinki statement and approved by the local human 
research ethics committee (Appendix B, C & D, Human Research Ethics Committee 
approval number: H11324). 
To be eligible, CAI participants needed to meet the minimum standardised inclusion 
criteria endorsed by the International Ankle Consortium (Gribble et al., 2014), 
including: i) a history of at least one significant lateral ankle sprain (at least 12 
months prior to study enrolment) that caused inflammatory symptoms and disrupted 
activity, ii) the most recent ankle sprain occurred >3 months prior to study 
participation, iii) reports of the previously injured joint “giving way” and/or recurrent 
sprain and/or “feelings of instability”, iv) answering “yes” to ≥ 5 questions on the 
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Ankle Instability Instrument (AII), and v) scoring < 24 on the Cumberland Ankle 
Instability Tool (CAIT). Individual’s in the LAS-coper group presented with a 
history of ankle sprain (at least one ankle sprain > 6 months prior to study 
participation) but did not report recurrent injuries, “giving way” and/or associated 
“feelings of instability”, in accordance with previous methods (Bowker et al., 2016; 
Terada et al., 2017). To be  
considered healthy, individuals presented without a history of ankle sprain injury in 
either limb. Participants with a history of unilateral or bilateral ankle sprains were 
recruited. In the case of bilateral CAI and bilateral LAS-coper individuals, the limb 
with the worst perceived stability (CAIT score) was selected as the ‘testing’ limb. 
History of ankle injury is reported in Table 1. The participant screening questionnaire 
is provided in Appendix E. 
 
Table 3.1. Ankle injury history 
Data represents means ± standard deviation. AII, Ankle Instability Instrument; CAIT, Cumberland 
Ankle Instability Tool. 
 
 CAI LAS-Coper Healthy 
CAIT score 16.22 ± 5.97 26.75 ± 2.22 30.00 ± 0.00 
AII score 6.33 ± 1.66 1.92 ± 0.67 0.00 ± 0.00 
No. of ankle sprains 5.00 ± 1.41 1.17 ± 0.39 - 
Time since last sprain (years) 1.29 ± 0.89 4.23 ± 3.61  - 
Frequency of giving way (last 6 months) 3.33 ± 1.97 0 0 
Frequency of feelings of instability  
(per week) 
3 ± 1.55 0 0 
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3.2.1 General experimental procedure 
A detailed explanation and familiarisation of the peripheral nerve stimulation 
procedure and postural conditions was provided prior to testing. Lighting was kept 
consistent throughout the trial and minimal auditory input was provided to control 
for potential attentional and anticipatory influences on spinal reflex excitability. 
Soleus H-reflex responses (mono-synaptic, spinal reflex) were elicited by 
percutaneous electrical stimulation of the posterior tibial nerve during two postural 
conditions: double-leg and single-leg stance. Participants were instructed to focus on 
a target with their hands resting by their sides and body-weight evenly distributed to 
keep the standing procedure consistent between trials. First, the soleus H-reflex 
recruitment curve and maximal motor response (M-max) were determined during 
quiet, double-leg stance. A minimum of fifty-six stimuli were then elicited during 
double-leg stance and fifty-six stimuli during single-leg stance in each participant 
across three different stimulation protocols: assessment of 50% of the maximal H-
reflex response (H50%), pre-synaptic inhibition and recurrent inhibition. A ten to 
fifteen second rest was provided between stimuli to avoid influences of post-
activation depression. Figure 3.1 represents the timeline of the testing procedure. 
C h a p t e r  3 |  73 
 
  
 
Time 
 
 
  C1: H50%  C2: PSI  C3: RI 
     
10×DL 
H50% 
10×DL PSI 
  
10×DL 
H50% 
10×DL RI H-reflex 
Recruitment 
curve 
5min 
Rest 
Randomised 
10×DL 
2×M-max 5min 
Rest 
Randomised 
5min 
Rest 
Randomised 
10×SL 
2×M-max 
10×SL H50% 
10×SL PSI 
10×SL H50% 
10×SL RI 
       
 
Figure 3.1. Intra-limb Protocol outline. Legend: C1, condition 1; C2, condition 2; C3, Condition 3; DL, double-leg; H50%, 50% of the maximal H-reflex response; 
PSI, pre-synaptic inhibition; RI, Recurrent inhibition, SL, single-leg.  
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4.2.3 Instrumentation 
EMG data were amplified (x1000), band-pass filtered (10-1000 Hz) and sampled at 4 
kHz using a 16-channel biological signal acquisition system (Powerlab, 
ADInstruments AUS). EMG signals were collected using bipolar, disposable 10 mm 
Ag/AgCl adhesive surface electrodes (Maxensor, Medimax Global UK). Electrode 
sites were prepared by shaving the area or abrading the skin prior to sanitising with 
isopropyl alcohol swabs.  
A large diameter anode (10 × 7 cm) was constructed of aluminum foil and 
conductance gel. Electrical stimulation of peripheral nerves was delivered using a 
constant voltage (400 V), 1-ms square-wave pulse (Digitimer, DS7A UK).  
3.2.3 Electromyography recordings 
Soleus EMG electrodes were placed 2/3 of the distance between the medial condyle 
of the femur and medial malleolus. Tibialis and peroneal electrodes were placed 1/3 
of the distance between the fibula head and medial malleolus and 1/4 of the distance 
between the fibula head and lateral malleolus, respectively. All electrode placements 
were chosen according to the Surface EMG for Non-Invasive Assessment of Muscles 
(SENIAM) recommendations (Hermens, Freriks, Disselhorst-Klug, & Rau, 2000) 
and were aligned with the presumed orientation of the underlying muscle fibres. A 
reference electrode was placed on the patella. Activity of tibialis anterior and 
peroneus longus was monitored during testing to ensure electrical stimulation did not 
activate the common peroneal nerve and minimise confounding by reciprocal muscle 
activation.  
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3.2.4 H-reflex recordings 
A large diameter anode (10 × 7 cm) constructed of aluminum foil and conductance 
gel was fixed anteriorly and superior to the patella. The optimal cathodal stimulation 
site was determined by probing the popliteal fossa for the largest soleus H-reflex 
amplitude response at 10-15 mA.  Electrical stimulation of the posterior tibial nerve 
was delivered using a 400 V, 1-ms square-wave pulse (Digitimer, DS7A UK).  
Soleus H-reflex recruitment curve and M-max were plotted during double-leg stance. 
H-threshold was determined by systematically altering the stimulus intensity (mA) 
until the minimum single-pulse stimulator output to elicit an H-reflex in at least one 
of three trials was identified. Soleus M-max was defined by a plateau in M-wave 
amplitude despite increasing stimulus intensity. A fifteen-point logarithmic scale was 
calculated based on stimulator output intensities for H-threshold and M-max 
responses in the soleus and used to plot the ascending portion of the H-reflex 
recruitment curve and H50%. The participant’s raw H-reflex recruitment curve 
(ascending portion only) was fit using a sigmoidal function and general least squares 
model, as described in previous methodologies (Klimstra & Zehr, 2008). The 
predicted sigmoidal function was calculated using: y = Hmax/1+e^Hslope(s50-x); 
where y is the predicted H-reflex amplitude, x is the given stimulus intensity, H-max 
is the maximal H-reflex amplitude response, Hslope is the gradient of the tangential 
slope at y, and s50 is the estimated stimulator output 50% of H-max (Figure 3.2). 
Three participants were excluded from the study and data analysis as the predicted 
stimulator output at H50% elicited an H-reflex and concomitantly triggered an M-
wave response.  
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Figure 3.2: Raw and predicted H-reflex ascending recruitment curves using the least squares model. 
Representation of the H-reflex parameters used in the least squares model to plot the ascending limb 
of the H-reflex recruitment curve. Key: A, H-threshold; B, approximate slope at H50%; C, current 
intensity at 50% of the H-max; D, H50%. Method and figure previously published (C. S. Thompson et 
al., 2016). 
 
Ten stimuli at H50% during double-leg stance, ten stimuli at H50% during single-leg 
stance and four M-max stimulations were then delivered in blocks of six stimuli in a 
pseudorandom order: five H50%, one M-max, repeated four times. Randomisation was 
used to control for potential confounding due to sweat causing a shift in cathode 
placement. 
3.2.5 Pre-synaptic Inhibition 
Paired pulse stimuli of the same intensity (H50%) were delivered to the posterior tibial 
nerve, at an inter-stimulus interval of 100 ms, and counter-balanced with an 
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unconditioned stimulus to circumvent any neural adaptation. A total of ten paired-
pulse stimulations were completed in double-leg and single-leg stance conditions. 
The depression of the second H-reflex represents the influence of prior activation of 
the sensory afferent (also termed post-activation depression) and is mediated by 
gamma-aminobutyric acid release at the afferent terminal. Pre-synaptic inhibition 
(PSI) was calculated as the percent decrease of the conditioned soleus H-reflex 
amplitude (H2) relative to that of the first, unconditioned H-reflex (H1):  
% 𝑖𝑃𝑆𝐼 = {
H2
H1
 } × 100 
 
3.2.6 Post-synaptic inhibition 
Intrinsic post-synaptic modulation of the soleus H-reflex was assessed using a 
recurrent inhibition (RI) protocol. This conditioning protocol involved eliciting a 
stimulus equal to 35% of soleus Mmax (S1) 10 ms prior to an Mmax (S2) stimulus. A 
total of twenty counterbalanced trials were obtained: ten unconditioned (test) S1 
stimuli and ten S2 responses conditioned by S1. Recurrent inhibition was calculated 
as the percent difference between test and conditioned reflexes: 
% 𝑖𝑅𝐼 = 100 − {
Conditioned reflex
Test reflex
× 100 } 
 
Prior to completing this study, different methods were piloted to be able to isolate H-
reflex excitability of tibialis and peroneal musculature, for inclusion in this protocol. 
Unfortunately, it was not possible to elicit H-reflexes in either male or female 
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participants by stimulating the common peroneal nerve at the fibular head, while M-
waves were able to be obtained at this site in male participants only. Based on this 
pilot work, it was determined that the optimal site to elicit H-reflexes from the 
common peroneal nerve was in the popliteal fossa, via the sciatic nerve. As this also 
elicited sensory responses from antagonist muscles, it was determined that soleus 
was the only muscle that could be used to investigate pre-synaptic and recurrent 
inhibition. 
3.2.7 Statistics 
All analyses were performed using the Statistical Package for the Social Sciences 
(v24, SPSS Inc., Chicago, IL). Kolmogorov-Smirnov tests for normality indicated 
that H:M-max%, Hslope and single-leg H50% were normally distributed. A log 
transformation was applied to all non-normally distributed dependant variables:  
double and single-leg PSI%, double and single-leg RI% and double-leg H50%. A one-
way Analysis of Variance (ANOVA) was used to test for differences between groups 
(CAI, LAS-coper, healthy control) in dependent variables during double-leg and 
single-leg stance: H-reflex recordings (H:M-max%, Hslope and H50%:M-max%), 
intrinsic pre-synaptic inhibition and intrinsic recurrent inhibition. Soleus background 
EMG 100 ms prior to stimulation was compared between groups in single and 
double-leg stance. Post-hoc tests were performed using the Tukey HSD method. 
Significance was established at p < 0.05. A binary, logistic regression was used to 
determine the influence of pain on variables which were significantly different 
between groups; data were extracted from question 1 of the CAIT regarding presence 
of ankle pain (Pain; YES/NO). Linear regression analyses were used to determine the 
influence of perceived instability on variables which were significant; data were 
extracted from questions 2-7 of the CAIT regarding perceived instability. Regression 
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analyses were performed on the combined population sample. Please see Table 3.2 
for scores assigned to each question of the CAIT used in regression analysis. 
Normality, homoscedasticity and independency of the errors were assessed for all 
regression analyses.  
C h a p t e r  3 |  80 
 
  
 
Table 3.2. Allocation of CAIT scores for regression analysis 
Question (participants select ONE option from each question) Score 
1. I have pain in my ankle  
Never 1 
During sport 2 
Running on uneven surfaces 2 
Walking on uneven surfaces 2 
Walking on level surfaces 2 
2. My ankle feels unstable  
Never 1 
Sometimes during sport (not every time) 2 
Frequently during sport(every time) 3 
Sometimes during daily activity 4 
Frequently during daily activity 5 
3. When I make sharp turns, my ankle feels UNSTABLE  
Never 1 
Sometimes when running 2 
Often when running  3 
When walking 4 
4. When I walk down the stairs, my ankle feels UNSTABLE  
Never 1 
If I go fast 2 
Occasionally 3 
Always 4 
5. My ankle feels unstable when standing on one leg  
Never 1 
On the ball of my foot 2 
With my foot flat 3 
6. My ankle feels unstable when  
Never 1 
I hop from side to side 2 
I hop on the spot 3 
I jump 4 
7. My ankle feels unstable when  
Never 1 
I run on uneven surfaces 2 
I jog on uneven surfaces 3 
I walk on uneven surfaces 4 
I walk on flat surfaces 5 
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3.3 RESULTS 
Means and 95% confidence intervals are provided for each dependant variable in 
Table 3.3. Differences were observed between CAI, LAS-coper and healthy controls 
for measures of single-leg H50%, double-leg iPSI% and single-leg iPSI%. No 
differences were observed for measures of H:M-max%, Hslope, double-leg H50% or 
iRI% in either stance condition. 
Table 3.3. Comparison of group mean (+- 95% CI) for spinal excitability measures. 
Double-leg CAI LAS-Coper Healthy 
H:M-max% 25.7 ± 13.7 34.0 ± 15.6 24.0 ± 11.9 
Hslope 0.8 ± 0.4 1.2 ± 0.7 0.9 ± 0.3 
H50%:M-max% 10.5 ± 3.0 15.0 ± 4.3 12.5 ± 3.6 
iPSI% 97.9 ± 33.7† ‡ 20.0 ± 8.0 29.5 ± 10.5 
iRI% 77.2 ± 9.4 87.1 ± 5.3 81.3 ± 8.1 
Single-leg    
H50%:M-max% 16.9 ± 3.5† ‡ 7.8 ± 1.6 10.36 ± 3.7 
iPSI% 83.0 ± 17.2† ‡ 33.3 ± 7.7 50.82 ± 11.0 
iRI% 72.6 ± 18.5 85.8 ± 9.6 82.86 ± 12.2 
Data represents log-transformed means ± 95% confidence intervals. Superscript characters represent 
significantly different from LAS-coper†, different from healthy‡ (p ≤ 0.001). 
 
 
3.3.1 Spinal reflex excitability 
3.3.1.1 H-reflexes in the soleus muscle 
No differences in H:M-max% and Hslope recruitment curve parameters [H:M-max%, 
F(2, 35) = 0.584, p = 0.565; Hslope, F(2, 35) = 1.271, p = 0.298] or double-leg H50% 
excitability [F(2, 35) = 1.312, p = 0.290] were observed between groups. However, 
H50% excitability was greater in the single-leg stance condition in individuals with 
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CAI compared to healthy and LAS-coper individuals [F(2, 35) = 13.930, p = < 
0.001]. There were no differences in bEMG between groups in double [bEMG, F(2, 
35) = 2.630, p = 0.461] or single-leg stance [bEMG, F(2, 35) = 1.550, p = 0.566]. 
3.3.1.2 Pre-synaptic inhibition in the soleus muscle 
Relative H2 reflexes for the CAI group were 3.3 times greater during double-leg and 
1.6 times greater during single-leg stance conditions, compared to LAS-coper and 
healthy controls [Figure 10a; double-leg PSI%, F(2, 35) = 11.30, p = < 0.001; single-
leg PSI% F(2, 35) = 12.434, p = < 0.001]. A visual representation of average pre-
synaptic inhibition responses in CAI, and combined LAS-coper and healthy 
individuals is provided in Figure 3.4. Figure 3.5 provides an example of facilitated 
iPSI responses in the CAI population. 
 
 
Figure 3.3. Mean ± 95% confidence intervals pre-synaptic inhibition (PSI) responses in chronic ankle 
instability, Lateral Ankle Sprain-coper and healthy groups in single, and double-leg stance. Legend: 
LAS, Lateral Ankle Sprain; PSI, Pre-synaptic Inhibition; error bars represent 95% confidence 
intervals. Superscript characters represent significantly different from LAS-coper†, different from 
healthy‡ (p ≤ 0.001). 
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Figure 3.4. Pre-synaptic inhibition in the CAI (A), LAS-coper (B) and healthy (C) groups. Solid black 
line indicates the mean soleus H-reflex response trace in the double-leg, paired-reflex iPSI protocol. 
No difference observed responses between healthy and LAS-coper groups. Transparent grey shading 
indicates standard deviation of responses. Legend: S1, stimulation at 0ms; H1, first H-reflex response; 
S2, stimulation at 100ms; H2, second H-reflex response. 
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Figure 3.5. An example of mean facilitated intrinsic pre-synaptic inhibition in a CAI participant. H-
reflexes arrived 100ms apart. Solid black line indicates the mean soleus response during paired-reflex 
iPSI protocol for one CAI partcipant. Grey-dotted lines represent individual iPSI trial responses for 
the same participant. Legend: H1, first H-reflex response; H2, second H-reflex response. 
 
3.3.1.3 Post-synaptic inhibition in the soleus muscle 
No difference was observed in iRI% between groups [double-leg iRI% F(2, 35) = 2.89, 
p = 0.07; single-leg iRI% F(2, 35) = 0.19, p = 0.19].  
3.3.2 Regression 
Binary logistic regression indicates the presence of pain explained 18.4% of the 
variance in single-leg H50% excitability [χ2 (1,36) = 5.353, p = 0.021]. The presence 
of pain also explained 13.6% of PSI% variance in single-leg stance, and 22.6% in 
double-leg stance [Single-leg χ2 (1,36) = 3.87, p = 0.049; Double-leg χ2 (1, 36) = 
6.489, p = 0.024]. Differences in spinal excitability and pre-synaptic inhibition 
correctly predicted 61.1% of cases where there was no presence of pain and 82.4% of 
cases where pain was involved, giving an overall percentage correct prediction rate 
of 71.8% [Hosmer and Lemeshow Test χ2 (1,36) = 6.817, p = 0.458]. Linear 
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regression analysis indicated perceived instability predicted and explained 21.5% of 
the variance in single-leg H50% excitability [R = 0.464, β = 0.46, t(1,229) = 
2.819, F(1,299) = 7.948, p = 0.009], and 15.7% in single-leg PSI% [R = 0.397, β = 
0.40, t(1,229) = 2.327, F(1, 299) = 7.948, p = 0.009]. However, perceived instability 
did not explain double-leg PSI%.  
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3.4 DISCUSSION 
This study is the first to compare pre- and post-synaptic inhibition between CAI, 
LAS-coper and healthy populations. Data of Study 1 demonstrate that LAS-coper 
individuals have similar spinal-level sensorimotor control (excitability and 
inhibition) to healthy individuals. In contrast, individuals with CAI exhibit 
disinhibition of pre-synaptic mechanisms. Specifically, H-reflex excitability was 
increased during single-leg, but not double-leg, stance when compared to healthy and 
LAS-coper individuals, suggesting CAI individuals utilise an alternate strategy to 
maintain postural control in challenging postures. Further, pre-synaptic inhibition 
was reduced by 330% in double-leg, and 160% in single-leg, stance in those with 
CAI compared to healthy controls and copers. Reports of pain explained 15-16% of 
the variance in spinal reflex excitability and pre-synaptic inhibition during single and 
double-leg stance, while perceived instability explained 20% of the variance in spinal 
reflex during single-leg stance only. 
3.4.1 Facilitated spinal reflex excitability in CAI compared to LAS-coper and 
healthy controls 
Data within this thesis demonstrates that soleus spinal reflex excitability at 50% of 
the maximal spinal reflex response (H50%) is facilitated in individuals with CAI 
compared to LAS-copers and healthy controls during single-leg stance, without 
changes in maximal H-reflex excitability (H:Mmax). Probing spinal reflex 
excitability using H50% may therefore be a more sensitive measure to detect changes 
in CAI compared to the maximal H: Mmax response. Compared to LAS-coper and 
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healthy participants, individuals with CAI also showed reduced pre-synaptic 
inhibition (disinhibition) regardless of the stance condition. By comparison, previous 
research has reported increased pre-synaptic inhibition during single-leg stance 
(Sefton et al., 2009), impaired modulation of pre-synaptic inhibition between single 
and double-leg stance, or increased recurrent inhibition (Sefton et al., 2008). These 
discrepancies are likely explained by several variances in methodology.  
First, the current study ensured that spinal reflex responses were measured on the 
ascending portion of the Ia-afferent recruitment curve (H50%). Earlier measures of 
pre- and post-synaptic mechanisms of spinal reflex excitability have controlled the 
stimulus intensity at 25-35% of the maximal direct motor, or M-max response 
(Sefton et al., 2008, 2009). Methods using 10-30% of M-max have been shown to 
elicit ‘small M-wave’ responses (Perez et al., 2005; Tahayori et al., 2015) and 
concomitant activation of sensory and motor nerve fibres; confounding measures of 
pre-synaptic inhibition with post-synaptic inhibition and anti-dromic collision. Thus, 
the findings of the current study likely provide a more accurate reflection of 
disinhibition of the Ia-afferent, spinal reflex pathway in individuals with CAI. 
Second, a 100 ms condition-test stimulus interval was used. While an inter-stimulus 
interval of 80 ms produces the greatest post-activation depression (reduced 
availability of neurotransmitters at the Ia-afferent terminal); intervals of 100 ms elicit 
responses that are sensitive to both post-activation depression and heteronymous 
facilitation (Pierrot-Deseilligny & Burke, 2012), and therefore, are arguably a more 
functional measure of integrative sensorimotor control via pre-synaptic inhibition 
than measures at 80 ms.  
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3.4.2 The contribution of perceived instability and pain to altered spinal reflex 
excitability 
Disinhibition of the conditioned response, as observed in CAI individuals, indicates 
the contribution of an external excitatory mechanism, most likely through 
compensatory, heteronymous facilitation (Perez et al., 2005). Considering the 
mechanism of ankle sprain injuries and the role of soleus during stance, 
compensatory soleus spinal reflex excitability may be driven by impaired feedback 
from damaged articular receptors, altered antagonistic activation and/or insufficient 
anticipatory drive. However, these findings also indicate that perceived instability, 
can at least in part, explain differences in soleus spinal reflex excitability during 
single-leg stance, whilst pain can predict excitability and (dis)inhibition regardless of 
stance condition. These findings align with previous research reporting pathways 
mediating pain and perceived instability drive disinhibition of spinal mechanisms 
(Pierrot-Deseilligny & Burke, 2012; Rossi et al., 1999; Sibley et al., 2007). Thus 
pain, and anxiety associated with increased postural threat, could also contribute to 
the dynamic re-weighting of sensory information in CAI. Sensory-targeted 
rehabilitation strategies (massage, stretching, joint mobilisation) reduce giving-way 
episodes at the ankle (McKeon & Wikstrom, 2016), however the mechanisms 
mediating this benefit are not well-understood. It is plausible that such strategies 
benefit CAI individuals by reducing pain and re-orienting sensory information for the 
maintenance of postural control. 
3.4.2 Limitations 
There are limitations of the current study. First, soleus spinal reflexes were examined 
during a simple postural task. It is unclear how (if at all) altered soleus spinal reflex 
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excitability during stance relates to giving way in dynamic tasks. Further research 
which examines excitability during dynamic activities is needed to clarify the 
functional significance of altered spinal reflex control in CAI. Second, due to the 
retrospective design of the study, it is still unclear whether differences in soleus 
spinal reflex excitability manifest from a history of injury, or inherent mechanisms 
which cause injury. Further research may consider the relationship between altered 
spinal excitability and the influence of injury history and severity. 
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3.5 CONCLUSION 
Disinhibition of spinal reflexes by pre-synaptic mechanisms, and during tasks with 
increased postural threat, are a characteristic specific to the CAI population when 
compared to individuals with a history of acute lateral ankle sprain (copers) and 
those without a history of sprain (healthy). As these changes were present in the CAI 
group and not copers, it is possible that altered spinal excitability contributes to an 
individual’s inability to recover from a lateral ankle sprain injury. Pain and perceived 
instability explained a significant proportion of changes in spinal-level sensorimotor 
control. These two factors may be important outcomes in future research and 
rehabilitation. 
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Chapter 4 
 
Inter-limb Mechanisms 
Redistributed inter-limb reflex control for maintaining whole-body 
balance in people with chronic ankle instability.   
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4.1 BACKGROUND 
Balance, reaction time, strength and proprioceptive deficits that present in the 
involved limb following a lateral ankle sprain (LAS) are well documented 
(Thompson et al., 2017). Further, 85% of individuals develop bilateral instability 
symptoms following a unilateral sprain (Konradsen et al., 2002); however, 
mechanisms mediating bilateral postural control deficits reported following a 
unilateral ankle sprain are less understood (Yeung et al., 1994). Bilateral 
sensorimotor deficits (Evans, Hertel, & Sebastianelli, 2004; Hertel, 2008; Sedory et 
al., 2007; Wikstrom, 2010), coupled with bilateral improvements after unilateral 
rehabilitation of the uninjured limb in those with CAI (Hale, Fergus, Axmacher, & 
Kiser, 2014), indicate that communication and integrating sensory information 
between-limbs may be an important factor in the development and recovery, of 
bilateral ankle sprain symptoms. Furthermore, these data support that centrally 
mediated mechanisms contribute to CAI and LAS-coper bilateral instability 
symptoms. 
Individuals with CAI demonstrate altered soleus spinal reflex excitability (Bowker et 
al., 2016; Terada et al., 2017); likely mediated by lower pre-synaptic inhibition and 
greater recurrent inhibition in the involved limb (Sefton et al., 2008, 2009), when 
compared to LAS-coper and healthy controls. Further studies identifying muscle 
dependant deficits in higher-order corticospinal excitability and supraspinal 
inhibition in the injured limb (Pietrosimone & Gribble, 2012), as motor-evoked 
potential size were unchanged in soleus (Terada et al., 2016) and increased in the 
peroneal musculature (McLeod et al., 2015). These differences in spinal reflex 
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excitability and motor-evoked potential size of the involved limb were also related to 
functional limitation (Pietrosimone & Gribble, 2012), self-report perceived 
instability and recurrent ankle sprain injury (Kim et al., 2016; Terada et al., 2017) in 
those with CAI and LAS-copers. While much research has examined altered cortical 
and spinal control of the involved limb of those with CAI and LAS-copers, research 
has yet to explore the central pathways mediating bilateral sensorimotor deficits in 
these populations. 
Sensory information from the periphery is transferred between limbs at spinal and 
cortical levels through inter-limb pathways (Gorassini, Prochazka, Hiebert, & 
Gauthier, 1994; Hiebert et al., 1994). Inter-limb communication, via spinal-level 
commissural interneurons and cortical transcallosal fibres, is understood to facilitate 
the coordination and restoration of whole-body displacement (Berger et al., 1984) 
following a perturbation (Haridas, Zehr, & Misiaszek, 2006; Tang, Woollacott, & 
Chong, 1998; Zehr, Collins, & Chua, 2001). Aberrant crossed spinal reflex responses 
are therefore a plausible mechanism for the bilateral transfer of balance deficits 
between limbs in CAI and LAS-coper individuals. Previous research has probed 
inter-limb communication using ipsilateral tibial nerve stimulation to evoke task- and 
phase-dependant, short-latency (~39 ms) spinal crossed reflex (SLCR) and long-
latency (~69 ms) transcortical crossed reflex (LLCR) responses in the contralateral 
calf (Gervasio et al., 2015; Gervasio et al., 2017; Stevenson et al., 2015; Stubbs et al., 
2011). The disinhibition and increased variability of the SLCR is believed to be 
associated with balance and spasticity in clinical populations (Stubbs et al., 2012).  
The primary aim of Study 2 was to explore differences in SLCR and LLCRs between 
healthy, LAS-coper and CAI populations. A secondary aim was to examine whether 
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crossed reflex responses of the ankle stabilisers are different between limbs of 
individuals with unilateral and bilateral history of injury.  
C h a p t e r  4 |  95 
 
  
 
 
4.2 METHOD 
4.2.1 Participants 
Eight individuals with chronic ankle instability, eight LAS-copers and eight healthy 
age, limb and gender-matched controls participated. Participant demographics and 
history of ankle injury are reported in Table 4.1.  
 
Table 4.1. Participant demographics and history of ankle injury. 
 CAI LAS-coper Healthy 
Age (yrs) 25 ± 4 23 ± 4 23 ± 3 
Height (cm) 176.60 ± 7.9 171.36 ± 6.2 171.90 ± 6.6 
Weight (kg) 75.40 ± 15.8 71.60 ± 8.6 76.70 ± 10.5 
CAIT score 16.62 ± 4.7 26.00 ± 2.2 30.00 ± 0.0 
AII score 6.38 ± 1.4 1.92 ± 0.7 0.00 ± 0.0 
No. of ankle sprains 6.12 ± 2.8 1.5 ± 0.5 - 
Time since last sprain (yrs) 1.28 ± 0.5 4.25 ± 3.1  - 
Frequency of giving way (last 6 
months) 
4.88 ± 5.1 0 0 
Frequency of feelings of instability 
(per week) 
1.72 ± 1.6 0 0 
Abbreviations: AII, Ankle Instability Index; CAIT, Cumberland Ankle Instability Tool. 
 
Eligibility criteria was the same as described in Study 1 (for additional information 
regarding the eligibility criteria for participants, please see Chapter 3, pages 62-63). 
All CAI participants met the minimum standardised inclusion criteria endorsed by 
the International Ankle Consortium including: i) a history of at least one significant 
lateral ankle sprain (at least 12 months prior to study enrolment) that caused 
inflammatory symptoms and disrupted activity, ii) the most recent ankle sprain 
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occurred > 3 months prior to study participation, iii) reports of the previously injured 
joint “giving way” and/or recurrent sprain and/or “feelings of instability”, iv) 
answering “yes” to ≥ 5 questions on the Ankle Instability Instrument (AII), and v) 
scoring < 24 on the Cumberland Ankle Instability Tool (CAIT). Individual’s in the 
LAS-coper group presented with a history of ankle sprain (at least one ankle sprain > 
6 months prior to study participation) but did not report recurrent injuries, “giving 
way” and/or associated “feelings of instability”. To be considered healthy, 
individuals presented without a history of ankle sprain injury in either limb. Seven 
participants reported a history of unilateral ankle sprains, and nine participants 
reported history of bilateral ankle sprains. All participants provided informed consent 
for research which was conducted according to ethical standards approved by the 
local human research ethics committee (Appendix B). 
4.2.2 General experimental procedure 
Participants were familiarised with the peripheral nerve stimulation procedure prior 
to testing. Participants were instructed to stand with their hands on their hips, feet 
shoulder-width apart and body-weight evenly distributed, while focusing on a target 
to keep the procedure consistent throughout testing. First, the maximal motor 
response (M-max) of the ipsilateral Sciatic Nerve (iSN) was determined during quiet, 
double-leg stance. A ten to fifteen second rest was provided between stimuli to avoid 
influences of post-activation depression and peripheral fatigue (Hans Hultborn et al., 
1996; Knikou, 2008; Palmieri, Ingersoll, & Hoffman, 2004; Zehr, 2002). Regardless 
of condition (CAI, LAS-coper or healthy), inter-limb reflex responses were measured 
in both limbs of all participants. Second, a minimum of 20 maximal iSN stimulations 
were applied to each limb during a mild plantarflexion contraction. Participants were 
instructed to rise onto their toes until their heel aligned with a marker that indicated 
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10 cm (height) and maintain stability for 90 seconds.  Five iSN stimuli were then 
elicited during the plantarflexion contraction, at an inter-stimulus interval of 10-15 
seconds. This balance task was chosen as it mimics an ankle position during which a 
LAS can occur (Gehring, Wissler, Mornieux, & Gollhofer, 2013; Terada & Gribble, 
2015). Following a one-minute rest period, participants repeated the 90 second 
procedure until a total of 20 trials with stimulation were completed. The testing 
procedure was performed on both limbs. Lighting was consistent throughout the trial 
and minimal auditory input was provided during testing to control attentional and 
anticipatory influences on corticospinal excitability (Zehr, 2002). 
4.2.3 Instrumentation 
EMG data were amplified (x1000), band-pass filtered (10-1000 Hz) and sampled at 4 
kHz using a 16-channel biological signal acquisition system (Powerlab, 
ADInstruments AUS). EMG signals were collected using bipolar, disposable 10 mm 
Ag/AgCl adhesive surface electrodes (Maxensor, Medimax Global UK). Electrode 
sites were prepared by shaving the area or abrading the skin prior to sanitising with 
isopropyl alcohol swabs.  
A large diameter anode (10 × 7 cm) was constructed of aluminum foil and 
conductance gel. Electrical stimulation of peripheral nerves was delivered using a 
constant voltage (400 V), 1-ms square-wave pulse (Digitimer, DS7A UK).  
4.2.4 Electromyography recordings 
Soleus EMG electrodes were placed 2/3 of the distance between the medial condyle 
of the femur and medial malleolus. Tibialis and peroneal electrodes were placed 1/3 
of the distance between the fibula head and medial malleolus and 1/4 of the distance 
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between the fibula head and lateral malleolus, respectively. All electrode placements 
were chosen according to the SENIAM recommendations and were aligned with the 
presumed orientation of the underlying muscle fibres. A reference electrode was 
placed on the patella. Activity of soleus, tibialis anterior and peroneus longus was 
monitored during testing to ensure electrical stimulation activated the sciatic nerve.  
4.2.5 Ipsilateral Sciatic Nerve Stimulation 
A large diameter anode (10 × 7 cm) constructed of aluminum foil and conductance 
gel was fixed anteriorly and superior to the patella. The optimal cathodal stimulation 
site was determined by probing the popliteal fossa for the largest soleus H-reflex 
amplitude response at 10-15 mA. Electrical stimulation of the iSN was delivered 
using a 400 V, 1-ms square-wave pulse (Digitimer, DS7A UK). The M-max was 
obtained during quiet, double-leg stance. M-max was defined by a plateau in M-
wave amplitude despite increasing stimulus intensity.  
4.2.6 Crossed Reflex Responses 
Short-latency inter-limb reflexes were examined by applying single electrical stimuli 
to the iSN, in accordance with previous methodologies (Gervasio et al., 2015; 
Gervasio et al., 2017; Stevenson et al., 2015; Stubbs et al., 2011; Stubbs et al., 2012). 
The magnitude of the short-latency contralateral response (SLCR) was quantified as 
the root-mean-square value (RMS) 30 to 60 ms post-stimulation, and expressed as a 
percentage of the RMS 0-100 ms prior to iSN stimulation. The long-latency 
contralateral response (LLCR) was quantified as the RMS value from 60 to 90 ms 
post, relative to RMS activity immediately prior (0-100 ms) to iSN stimulation, in 
accordance with previously reported methods (Stubbs et al., 2011). This time 
window was selected since a long-latency contralateral response in gastrocnemius 
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has been shown to commence 69.6 ms post iSN stimulation (Gervasio et al., 2015; 
Gervasio et al., 2017), and corresponds with the latency of a supra-spinal motor 
evoked potential. As stimulation of the iSN produced contralateral reflexes in soleus, 
tibialis and peroneal musculature, SLCR and LLCR responses are influenced by the 
integration of its agonist/antagonist contralateral response within the central nervous 
system. Thus, contralateral reflex responses were quantified as the relative 
contribution of each muscle, i.e. the normalised activation expressed as a percentage 
of the total combined activity across the three muscles. Figure 4.1 shows the raw and 
RMS EMG traces of the ipsi- and contralateral musculature during maximal sciatic 
nerve stimulation, in one healthy participant. Also depicted are the timing of 
stimulation, onset of the short-latency contralateral response (SLCR ~ 39 ms), long-
latency contralateral response (LLCR ~ 69 ms), and the mean background EMG 
prior to stimulation.  
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Figure 4.1. Mean traces of the ipsi- and contralateral responses, following maximal sciatic nerve 
stimulation in a healthy participant. LEFT; depicts un-rectified EMG trace of a maximal M-wave 
response elicited in the ipsilateral soleus (iSOL), tibialias anterior (iTA) and peroneal musculature 
(iPL) following iSN stimulation. RIGHT; rectified, root-mean-square trace of the contralateral 
peroneal musculature. Solid vertical line indicates timing of stimulation (0ms), vertical dotted line 
indicates onset of the short-latency contralateral response (SLCR ~ 39 ms), vertical dashed line 
indicated onset of the long-latency contralateral response (LLCR ~ 69 ms), and the horizontal, solid 
line represents the mean background EMG prior to stimulation. 
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4.2.7 Statistics 
All analyses were performed using the Statistical Package for the Social Sciences 
(v24, SPSS Inc., Chicago, IL). Kolmogorov-Smirnov tests for normality indicated 
that all measures were normally distributed, except background EMG normalised to 
M-max. A log transformation was applied to bEMG/Mmax. A one-way Analysis of 
Variance (ANOVA) was used to test for differences between groups (CAI, LAS-
coper, healthy control) for dependant variables in each muscle: bEMG/Mmax, 
SCLR% and LLCR%. A repeated measures ANOVA was used to monitor changes in 
Mmax over time. Post-hoc analyses, with Tukey adjusted p-values, were conducted 
on statistically significant F-ratio pair-wise comparisons. All values are reported as 
mean ± standard error. Two-tailed significance was set at p < 0.05. 
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4.3 RESULTS 
4.3.1 Background EMG 
Fixed effect comparisons found EMG activation, relative to Mmax during the task, 
was not different between groups [soleus F(2,22) = 0.050, p = 0.952; tibialis anterior 
F(2,22) = 2.761, p = 0.085; and peroneus longus F(2,22) = 0.724, p = 0.495]. A 
repeated measures ANOVA, with Greenhouse-Geisser correction, determined that 
Mmax did not change over time [soleus, F(4,20) = 1.825, p = 0.189; tibialis anterior, 
F(4,20) = 0.454, p = 0.768; peroneus longus, F(4,20) = 1.368, p = 0.295].  
4.3.1 Condition Comparison 
Group means, effect size (partial Eta2) and power (1- β) are reported in Table 4.2. A 
large group effect was observed for soleus, with moderate differences for tibialis 
anterior and peroneus longus.  
Table 4.2. Differences in synergistic contribution of the crossed reflex response. 
 
CAI LAS-coper Healthy 
p Partial 
Eta2 
1 − β 
SLCR       
Soleus 52.13 ± 8.25† 33.83 ± 2.51 34.95 ± 0.85 0.004 0.347 0.96 
Tibialis Anterior 23.72 ± 6.94 34.59 ± 1.12 31.03 ± 1.31 0.077 0.165 0.56 
Peroneal 21.16 ± 3.67 32.63 ± 2.63 34.02 ± 1.71 0.092 0.235 0.78 
LLCR       
Soleus 51.13 ± 7.13† 33.96 ± 2.33 34.38 ± 2.08 0.017 0.336 0.95 
Tibialis Anterior 21.74 ± 6.56† 34.34 ± 2.21 32.57 ± 1.31 0.028 0.194 0.68 
Peroneal 27.12 ± 2.32 33.31 ± 3.21 33.05 ± 1.71 0.578 0.244 0.78 
Data represents mean ± standard error. Superscript characters indicate significant CAI is significantly 
different from LAS-coper and healthy group† . 
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Fixed effect comparisons found an effect of group on SLCR and LLCR responses. 
The relative contribution of muscle activity to the SLCR and LLCR responses for 
CAI, LAS-coper and healthy groups are depicted in Figure 4.2. A relatively even 
contribution (~33%) between soleus, tibialis anterior and peroneal musculature to the 
inter-limb reflex response was observed in both healthy and LAS-coper groups. 
However, the contribution of soleus was 1.5 x greater in CAI compared to LAS-
coper and healthy controls (Figure 4.2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2. The distribution of muscle activity (% contribution of each muscle to total muscle 
activation) at SLCR and LLCR for CAI, LAS-coper and healthy groups. The superscript character† 
indicates CAI is significantly different from LAS-coper and healthy groups (p < 0.05). Abbreviation: 
LLCR, long-latency contralateral response; PL, peroneus longus; SLCR, short-latency contralateral 
response; SOL, soleus; TA, tibialis anterior. 
 
 
4.3.2 Instability Comparison 
Figure 4.3 depicts the influence of condition and instability. No difference in SLCR 
responses were observed between instability groups [soleus SCLR, F(2, 46) = 0.49, p 
† 
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= 0.62; tibialis anterior SLCR, F(2, 46) = 1.03, p = 0.37; peroneal SLCR F(2, 46) = 
3.37, p = 0.06]. No difference in SLCR responses were observed between limbs 
[bilateral SCLR, F(1, 47) = 1.32, p = 0.26; unilateral SLCR, F(1, 47) = 0.11, p = 
0.74; none SLCR F(1, 47) = 0.24, p = 0.63]. No difference in LLCR responses 
between limbs [bilateral SCLR, F(1, 47) = 1.04, p = 0.39; unilateral SLCR, F(1, 47) 
= 0.06, p = 0.81; none SLCR F(1, 15) = 2.19, p = 0.15]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3.  Visual representation of main findings. CAI group was significantly different to the LAS-
coper and healthy population. No differences between healthy and LAS-coper groups. No differences 
between Limbs. No differences between unilateral bilateral and no instability group.  
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4.4 DISCUSSION 
Recent research has established aberrant sensorimotor control mechanisms which 
characterise the injured limb of those with CAI. However, research has yet to 
comprehensively examine the role of the contralateral limb in the development of 
ankle sprain injuries. This study is the first to probe transcortical and spinal inter-
limb communication in CAI and LAS-coper populations. These findings 
demonstrate that healthy and LAS-coper individuals utilise an even contribution 
between the ankle stabilisers, as a proportion of their combined muscle activity, to 
maintain whole-body displacement following an electrically-induced perturbing 
stimulus (M-max) to the ipsilateral limb. Specifically, a relatively equal contribution 
(~33%) at the timing of short (spinal) and long-latency (transcortical) inter-limb 
reflex responses was observed between soleus, tibialis anterior and peroneal muscle 
responses in both healthy and LAS-coper groups. However, individuals with CAI 
displayed increased soleus activation during both short- and long-latency inter-limb 
reflexes (~50%), suggesting spinal and transcortical inter-limb reflex control was re-
distributed toward a soleus dominant strategy in this population.  
4.4.1 Redistributed neuromuscular control of inter-limb reflexes in CAI 
CAI individuals demonstrated less inhibition of contralateral soleus spinal and 
transcortical reflexes, compared to healthy controls and LAS-copers. Variability of 
spinal inter-limb reflex responses, as indicated by standard error, also tended to be 
greater in the CAI group across all muscles. Together, these data suggest that 
individuals with CAI utilise a soleus dominant strategy to synchronise inter-limb 
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coordination and manage whole-body displacement, compared to healthy and LAS-
copers. Following a LAS, it is proposed that individuals up-regulate muscle spindle 
information in the absence of articular feedback owing to damaged 
mechanoreceptors within lateral ligaments (Freeman et al., 1965), in order to 
generate relevant peripheral information for the maintenance of postural control. For 
the current study, it may be assumed that reflex control from soleus was up-regulated 
as it was most relevant to the demands of the plantar-flexed balance task examined in 
this study. Thus, a balance task with greater eversion demands could favour 
disinhibition of peroneal and tibialis anterior musculature. Taken together, data of 
Study 2 indicate that absence of joint articular information from an unstable ankle 
joint, may also influence compensatory reflex responses in the contralateral limb. 
Although previous research has identified differences in ipsilateral projections of 
spinal reflexes (Kim et al., 2012; Kim et al., 2016; Sefton et al., 2008, 2009; Terada 
et al., 2017) and cortical drive (Bowker et al., 2016; McLeod et al., 2015; 
Pietrosimone & Gribble, 2012; Terada et al., 2016) of the injured limb, findings of 
this thesis further this understanding by demonstrating that centrally mediated 
changes occur in the contralateral reflexes of spinal and cortical pathways in CAI. 
Similar to observations made of CAI within this thesis, reduced inhibition and 
increased variability of the soleus inter-limb reflex responses were recently 
demonstrated in chronic and sub-acute stroke patients (Stubbs et al., 2012). Despite 
different mechanisms leading to sensorimotor impairment, altered contralateral 
responses in stroke patients are also coupled with similar differences in ipsilateral 
reflex control to those observed in CAI participants. The combination of up-
regulated control of ipsilateral pathways mediating ankle flexors and knee extensor 
feedback (Achache et al., 2010; Marque, Simonetta-Moreau, Maupas, & Roques, 
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2001; McVey et al., 2005; Sedory et al., 2007), reduced pre-synaptic inhibition 
(bilaterally) and post-activation depression (Lamy et al., 2008; McLeod et al., 2015; 
Pietrosimone & Gribble, 2012; Sefton et al., 2008, 2009; Terada et al., 2016) are 
proposed to impact on an individual’s ability to regain balance or respond quickly to 
a perturbation, potentially resulting in a fall and/or injury (Stubbs et al., 2012). It is 
currently unclear whether differences in inter-limb communication are due to the 
disinhibition of ipsilateral ascending projections, or contralateral descending 
projections, as both confound reflex responses using this technique.   
4.4.2 No differences between limbs in those with unilateral and bilateral instability 
In the current study, crossed reflex responses were equitable between limbs, 
regardless of history of injury, in those with both unilateral, bilateral and no 
instability. Thus, the activity of one limb was reflected by the other regardless of 
injury history. Further, crossed reflex responses in CAI individuals were altered 
bilaterally. This is aligned with previous research that has reported bilateral 
disinhibition of crossed reflex responses in chronic and sub-acute unilateral stroke 
patients (Stubbs et al., 2012). This dysfunction in crossed spinal reflex pathways in 
CAI indicates that altered integration of sensory feedback from the injured joint is 
transferred to an uninjured limb through spinal commissural interneurons and 
cortical transcallosal fibres. This may be due to disinhibition/excitation of 
contralateral descending projections or ipsilateral ascending projections of soleus.  
It is difficult to ascertain the contribution of ipsilateral and contralateral pathways 
mediating disinhibition of crossed reflex responses in CAI, from data of this study 
alone. The inter-limb pathway which incorporates an ipsilateral Ia-afferent, a 
contralateral motor fibre, and the corresponding commissural interneuron that 
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connects one limb to the other. In the cat, projections from both the ipsilateral and 
contralateral limb modulate crossed reflex responses (Jankowska & Edgley, 2006). 
As disinhibition of Ia afferent excitability has been previously reported in CAI 
populations (Thompson, Hiller, & Schabrun, 2018), it is plausible that disinhibition 
of Ia-afferent feedback from an injured limb may also explain the disinhibition of 
contralateral reflex responses observed in this population, and be un-related to the 
excitability of the commissural interneuron and contralateral motor fibre. This 
hypothesis requires further investigation in future studies. 
4.4.3 Limitations 
Stimulation of the iSN was performed during a mild balancing task, incorporating a 
plantarflexion contraction as it mimics the ankle position during which a LAS can 
occur (Gehring et al., 2013; Terada & Gribble, 2015). As muscle force was not 
controlled, the proportion of motor units recruited may not have been the same 
between individuals. Despite this, it is unlikely that such inter-individual differences 
would have altered the findings. Although the number of firing motor units may not 
have been the same, the muscle activation during the task, relative to M-max, was 
not different between groups. Further, previous research has shown the magnitude of 
the inter-limb reflex responses is not altered by increased force contraction levels 
from 5–15% to 15–30% of maximal EMG activity (Stubbs & Mrachacz-Kersting, 
2009). However, it is acknowledged that relative changes in ankle position during 
stimulation may contribute to differences in the spinal reflex response. Future studies 
may consider capturing joint position data to determine this relationship. 
Future research should probe changes in the inter-limb reflex pathway during more 
functional activities such as walking or landing to gain an understanding of the 
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modulation of this pathway during activities in which people roll their ankle. It is 
unclear how, if at all, disinhibition of the contralateral soleus reflex response 
translates into functional deficits during dynamic tasks. While changes in soleus 
spindle feedback were likely important for maintaining whole-body displacement 
during a static plantarflexion balance task, dynamic tasks involve complex 
sensorimotor integration from higher-order control sources including reticulospinal 
and vestibulospinal projections. As soleus reflex gain is likely to be less during 
dynamic tasks, it is unclear how potent disinhibition of group I and II stretch reflex 
control is for the maintenance of balance. 
Inter-limb reflex responses were observed in those with a history of chronic ankle 
instability, but not acute LAS injury; suggestive of an adaptation following repeated 
injury to lateral ligaments. LAS-copers in the current study had only experienced one 
ankle sprain in their lifetime, from which they had completely recovered. Although 
LAS-copers also demonstrate bilateral postural instability following the initial 
injury, a prospective study demonstrated that deficits in the uninjured limb were 
resolved after seven days (Evans et al., 2004). Thus, it may be assumed that altered 
inter-limb reflex responses were completely resolved in the LAS-coper group prior 
to enrolment in the current study, which may explain why no differences were 
observed between the healthy and LAS-coper groups. Future research may consider 
examining immediate changes in the inter-limb pathway in LAS-coper individuals to 
confirm that this pathway is associated with mechanoreceptor damage, or in a LAS-
coper population with a history of more than one ankle sprain injury.  
Due to recruitment time constraints and difficulties identifying unilateral CAI (only 
37.5% of individuals presenting with CAI were identified as having unilateral 
injuries), there were insufficient numbers of unilateral CAI patients to examine. Thus 
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a general CAI population comprising of both unilateral and bilateral CAI was used in 
the current study. It is therefore possible that differences in ‘contralateral’ reflex 
control observed in CAI, compared to coper and healthy populations, were 
confounded by changes in pre-synaptic inhibition and spinal reflex excitability in 
those with bilateral CAI (Study 1). Sub-analyses, based on between limb 
comparisons of those unilateral and bilateral instability was performed to determine 
whether contralateral reflexes do differ between limbs in those with unilateral 
instability; of which no differences were observed between limb, regardless of 
instability status. However, it is acknowledged that the current study was not 
powered to perform between-limb analyses based on instability (bilateral or 
unilateral). Findings of instability have been included as preliminary evidence 
however, assumptions made within this chapter regarding the presence of bilateral 
inter-limb communication deficits after a unilateral injury, cannot be substantiated 
without further research.  
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4.5 CONCLUSION 
Modulation of spinal and transcortical inter-limb reflex responses are altered in CAI, 
compared to LAS-coper and healthy controls. Data of Study 2 demonstrate CAI 
individuals shifted control toward a soleus dominant strategy in order to maintain 
whole-body balance. Facilitated soleus contralateral reflex responses may be a 
strategy to provide additional sensory information for stabilisation, in the absence of 
articular joint feedback or evertor control. Conversely, re-orienting sensorimotor 
control in an unaffected limb may also predispose individuals to bilateral instability 
and injury. Practitioners may consider assessing for, and treating, balance deficits in 
both limbs of those with unilateral recurrent ankle sprain injuries. It is still unclear 
whether differences in inter-limb reflex responses are due to the disinhibition of 
ipsilateral ascending projections, or contralateral projections in the uninjured limb. 
As the current study found no differences between limbs regardless of injury history, 
this may provide evidence of the latter. However, further research is needed to 
identify the contribution of ipsi- and contralateral projections to altered inter-limb 
reflex responses in CAI. 
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Chapter 5 
 
Landing 
Altered spinal reflexes at the ankle, hip and knee contribute to altered 
force control strategies in CAI 
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5.1 BACKGROUND 
Balance, reaction time and proprioceptive measures are commonly used to infer 
sensorimotor deficits in CAI. A longer TTS and delayed muscle reaction time (Ross, 
Guskiewicz, & Yu, 2005; Wikstrom, Fournier, & McKeon, 2010; Wikstrom et al., 
2009; Wikstrom et al., 2005), are thought to reflect an inability of CAI individuals to 
appropriately respond to unexpected changes in posture during dynamic tasks and 
predispose individuals to recurrent injury.  
Instability during a landing task is purported to result from the inappropriate 
integration of sensory feedback (Wikstrom et al., 2006). Previously, differences in 
reactive stretch reflex responses (EMG) were reported in musculature surrounding 
the ankle, knee and hip, between CAI individuals and healthy controls during a 
dynamic task (Levin et al., 2015). In static postures, corresponding changes in spinal 
reflex excitability (H-reflexes) were observed at the ankle (McVey et al., 2005; 
Sefton, 2007) and bilaterally at the knee (Sedory et al., 2007). Thus, differences in 
reactive neuromuscular control between CAI and healthy populations may be 
explained, at least in part, by altered spinal reflex excitability during dynamic tasks. 
However, research has yet to examine how the central nervous system regulates 
spinal reflex excitability during a dynamic landing task in those with CAI. It is 
therefore unclear if differences in spinal reflex excitability under static postures 
translate to altered spinal reflex excitability during dynamic tasks. Further, a 
relationship between altered spinal reflex excitability, instability and force control 
during landing has yet to be well-established.  
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In healthy individuals, it is understood that soleus spinal reflex excitability is down-
regulated with increasing jump difficulty (Taube, 2011; Thompson et al., 2016). The 
central nervous system therefore regulates afferent input according to the demands of 
a given task (Koceja, Trimble, & Earles, 1993; Mynark & Koceja, 1997; Mynark, 
Koceja, & Lewis, 1997; Robertson et al., 2012; Trimble & Koceja, 2001). An 
inability to regulate spinal reflex excitability during dynamic landing tasks is a 
plausible injury mechanism (Koceja et al., 1995; Tsuruike et al., 2003) as these 
spinal reflexes are the body’s first opportunity to respond to a de-stabilising task, and 
occur at latencies consistent with the onset of LAS injuries (Terada & Gribble, 
2015). Study 1 identified CAI individuals’ up-regulated soleus spinal reflex 
excitability in single-leg, but not double-legged stance, compared to coper and 
healthy controls (Thompson et al., 2018). However, the task-dependant nature of 
spinal reflex responses indicates that differences in static postures may not 
accurately represent spinal reflex excitability during dynamic tasks in CAI 
individuals. For improved validity, this pathway should be probed in postures/tasks 
which provoke clinical symptoms.  
Spinal reflex excitability is commonly investigated using H-reflexes. H-reflexes 
enable researchers to isolate spinal reflex excitability of a single muscle. 
Unfortunately, due to accessibility of peripheral nerves, researchers are also limited 
in the number of muscles that they can examine in the lower-limb. More recently, 
thoracolumbral transcutaneous spinal stimulation (T11-T12 site) has been employed to 
elicit bilateral, mono-synaptic reflexes in multiple muscles throughout the lower 
limb (Courtine, Harkema, Dy, Gerasimenko, & Dyhre‐Poulsen, 2007). The resultant 
multi-segmental muscle responses (MMRs) present an opportunity to probe spinal 
excitability at the ankle, knee and hip using a single stimulation. The aim of the 
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current study was to determine if CAI participants present with whole-limb 
differences in spinal excitability during a horizontal jump-landing task using 
thoracolumbral stimulation. A secondary aim was to determine a relationship 
between differences in spinal reflex excitability and stability.  
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5.2 METHODS 
5.2.1 Participants 
Thirty-three individuals were recruited for this study. Three participants were unable 
to complete the testing session due to reports of pain and/or discomfort associated 
with the stimulation of the sciatic nerve at the T11-T12 intervertebral space or landing 
procedure.  
Ten CAI (5 females, 5 males; age, 24.9 ± 3.8 yrs; ht., 176.6 ± 7.9 cm; wt., 75.4 ± 
15.8 kg), ten ‘copers’ (5 females, 5 males; age, 23.4 ± 4.3 yrs; ht., 171.36 ± 6.2 cm; 
wt., 71.6 ± 8.6 kg) and ten healthy (5 females, 5 males; age, 23.0 ± 3.4 yrs; ht., 171.9 
± 6.6 cm; wt., 76.7 ± 10.5 kg) age matched controls completed experimental testing. 
Eligibility criteria for inclusion in this study were the same as that described in Study 
1 (see Chapter 3, pages 62-63). Briefly, CAI participants needed to meet the 
minimum standardised inclusion criteria endorsed by the International Ankle 
Consortium. Individuals in the coper group presented with a history of ankle sprain 
(at least one ankle sprain > 3 months prior to study participation) but did not report 
the injured joint “giving way” and/or associated “feelings of instability”. To be 
considered healthy, individuals presented without a history of ankle sprain injury. 
All individuals presented without a history of neurological or orthopaedic 
impairment. Individuals with a history of surgery, fracture requiring realignment 
and/or acute injury to the musculoskeletal structures (bone, joint structure and/or 
nerve) in either limb of the lower extremity were excluded. All research was 
conducted according to ethical standards outlined in the Helsinki statement and 
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approved by Western Sydney University Human Research Ethics Committee 
(Appendix B). 
5.2.2 General experimental procedure 
All participants were familiarised with the procedure prior to testing. Following a 
familiarisation, participants completed a single testing session to evaluate spinal 
reflex excitability at the SLR and LLR during a single-leg horizontal jump-landing 
task.  
First, maximal horizontal-jump distance and maximal vertical-jump height were 
determined from three trials. During testing, jump distance and height were 
controlled at 25% of maximal broad jump distance and 50% of maximal vertical 
jump height, respectively. Controlling jump height and distance at this intensity was 
previously shown to allow consistency of the jump-landing procedure between trials 
and avoid fatigue (Thompson et al., 2016). Thoracolumbar stimulation at the T11-T12 
site was then performed during quiet stance to obtain the recruitment curve of multi-
segmental muscle response (MMR).  
Each participant then completed ten jump-landing trials without stimulation to 
determine the average latency of the soleus SLR and LLR responses. Each 
participant was instructed to jump from their landing leg with eyes fixated directly 
ahead and touch an overhead marker (placed at a position equivalent to 50% of the 
subject’s maximal vertical jump) before landing on the force plate. Participants 
practiced landing on the centre of the force platform with toes touching a line 
marked to signify the desired landing distance, until the landing procedure was 
consistent. Between each jump, participants were provided with a ten-fifteen second 
rest to minimise fatigue. All trials were performed bare-foot. If participants displaced 
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their landing leg during stabilisation and/or touched the floor with the contralateral 
leg, the trial was considered invalid and repeated. 
At ground contact of the landing, eccentric loading of the soleus muscle induced 
several muscle responses constituting the stretch reflex response. Timing of the 
short-latency response (SLR) was calculated as the time to the peak of the first 
response, with respect to ground contact and background EMG activity (~45 ms). 
The latency of the long latency response (LLR) was determined to be the time to 
peak of the final response (~120 ms) of the stretch reflex. Once the individual’s SLR 
and LLR were determined, participants were randomly assigned to the order of 
landing conditions which altered the tested limb and timing of stimulation (i.e. left 
leg, right leg; stimulation timed to coincide with the SLR or LLR and no 
stimulation). For each limb, participants were tested in four states:  
1) Ten landings with stimulation at MMR50% (stimulus intensity equivalent 
to 50% of maximal MMR response) timed to coincide with the 
individual’s soleus SLR (Figure 5.1); 
2)  Ten landings with stimulation at MMR50% (stimulus intensity equivalent 
to 50% of maximal MMR response) timed to coincide with the 
individual’s soleus LLR (Figure 5.1); 
3) Ten ‘control’ landings without stimulation to determine background 
muscle activity at the SLR and LLR; 
4) Five stimulation trials during stance were completed to monitor changes 
in stimulation intensity.  
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Figure 5.1. Timing of thoracolumbar stimulation to ensure multi-segmental muscle responses 
coincided with short- and long-latency responses post-ground contact in one participant. Force 
represents raw, unfiltered vertical ground reaction force trance. For this participant, SLR stimulation 
was elicited at 28.5ms post ground contact; LLR stimulation was elicited 110ms post ground contact. 
MMR onset for soleus was ~20 ms. As a result, MMRs were timed to coincide with the individuals 
SLR response at 48.5ms and LLR at 130 ms post-ground contact. Ground contact was defined as the 
first increase in vertical force above 10N. Abbreviations: LLR, long-latency response; SLR, short-
latency response.  
 
Quasi-randomisation of stimulation and control trials ensured landings were exposed 
to the same potential confounders including sweat, and electrode displacement. 
During the testing session, participants completed a minimum of sixty landings: 
twenty landings with stimulation concurrent with the timing of the SLR at MMR50% 
(10 in the left limb, 10 in the right limb), twenty landings with stimulation 
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concurrent with the LLR at MMR50% (10 in the left limb, 10 in the right limb), 
twenty landings without stimulation (10 in the left limb, 10 in the right limb).  
5.2.3 Instrumentation 
Landing GRF data was collected using a Kistler force plate (model 9286B) and 
BiowareTM (v5.3.0.7) operating system. Force signals were sampled at 1000 Hz and 
data was fit with a 10 Hz low-pass filter. Ground contact was defined as the first 
increase in vertical ground reaction force above 10 N. Timing of electrical 
stimulation was delivered based on initial contact detected by the force plate i.e., the 
first increase in vertical ground reaction force (GRF) above 10 Newtons.  
EMG data were amplified (x1000), band-pass filtered (20-500 Hz) and sampled at 4 
kHz using a 16-channel biological signal acquisition system (Powerlab, 
ADInstruments AUS). EMG signals were collected using bipolar, disposable 10 mm 
Ag/AgCl adhesive surface electrodes (Maxensor, Medimax Global UK). Electrode 
sites were prepared by shaving the area or abrading the skin prior to sanitising with 
isopropyl alcohol swabs.  
A large diameter anode (10 × 7 cm) was constructed of aluminum foil and 
conductance gel. Electrical stimulation of peripheral nerves was delivered using a 
constant voltage (400 V), 1-ms square-wave pulse (Digitimer, DS7A UK).  
5.2.4 Electromyography recordings 
All electrode placements were chosen according to the SENIAM recommendations 
(Hermens et al., 2000) and were aligned with the presumed orientation of the 
underlying muscle fibres. Bilateral EMG data was recorded from the gluteus medius 
(GM), vastus medialis (VM), vastus lateralis (VL), biceps femoris (BF), soleus 
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(SOL), tibialis anterior (TA) and peroneus longus muscles (PL). Gluteus medius 
EMG electrodes were placed at 50% on the line from the iliac crest to the greater 
trochanter, in the direction of the line from the crista iliaca to the trochanter. Vastus 
medialis EMG electrodes were aligned perpendicularly to, and at 80% of the line 
between the anterior superior iliac spine and the medial femoral epicondyle. Vastus 
lateralis electrodes were placed at 2/3 on the line from the anterior superior iliac 
spine to the lateral side of the patella. Biceps femoris EMG electrodes were placed, 
and aligned to, 50% on the line between the ischial tuberosity and the lateral 
epicondyle of the tibia. Electrode placement sites of the calf are described in detail in 
Chapter 3. Briefly, soleus EMG electrodes were placed over the muscle belly on the 
medial border of the calf, while tibialis and peroneal electrodes were placed over 
their respective muscle belly lateral to the fibula.  A reference electrode was placed 
on the patella.  
5.2.5 Thoracolumbral stimulation  
Transcutaneous thoracolumbral stimulation was applied using a self-adhesive 
electrode (cathode) placed over the T11-T12 intervertebral space, which was 
manually identified by palpation. A pair of large rectangular anodes (8 cm × 13 cm 
each) were placed over the lower back, and aligned with the superior boarder of the 
posterior iliac crest. Appropriate electrode placement was confirmed by eliciting 
MMRs in lower limb with the subjects relaxed in the prone position (Figure 5.2).  
With the subject standing comfortably in the anatomical position, the stimulation 
intensity was slowly increased in 10 mA increments, starting from 0 mA, until the 
maximal MMR response was observed to allow for adaptation to the stimulation-
induced effects. Maximal MMR was defined by a plateau in peak-to-peak MMR 
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amplitude, despite further increases in stimulus intensity. Discomfort was reported 
by one participant during the stimulation procedure, and testing was immediately 
ceased and they were withdrawn from the study. No further adverse effects were 
reported. Once the maximal MMR response was reached, the intensity at 50% of 
MMR-max (MMR50%) was used as the stimulus intensity to be elicited during the 
landing procedure. 
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Figure 5.2. Thoracolumbral stimulation at T11-T12 intervertebral space elicits multi-segmental 
muscle response (MMR). Abbreviations: SOL, soleus; TA, Tibialis Anterior; PL, peroneus longus; 
VL, vastus lateralis; VM, vastus medialis; BF, bicep femoris; GM, gluteus medius.  
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5.2.6 Data Processing 
A custom MATLAB (The Mathworks, Natick, RI, USA) script was written for all 
data processing (Appendix G). The mean SLR and LLR were determined by 
calculating the average RMS value over a 20 ms time period, around the peak of 
each response during landing trials without stimulation, in accordance with previous 
methodologies (Taube et al., 2008). The MMR latency was measured from the 
stimulus artefact to the first deflection of the MMR-wave from baseline. The 
response size was determined by calculating peak-to-peak amplitude of the induced 
MMR response at the time of the SLR and LLR. Peak-to-peak amplitude of the 
MMR during landing, was then expressed with respect to the corresponding 
background EMG activity (20 ms RMS around stimulus time window) in trials 
without stimulation, and MMR50% during stance. This formula is presented as: 
 
∆ 𝑆𝑝𝑖𝑛𝑎𝑙 𝐸𝑥𝑐𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = {
MMR50% landing –  bEMG20ms RMS
MMR50% standing
× 100 } 
 
Raw force data was cropped from time of impact (GRF > 10 N) to 20 s post-impact. 
Time-to-stabilisation (TTS) was calculated for ground reaction force (GRF) in 
vertical, AP and ML directions using an unbound third-order polynomial (UTOP) 
(Ross & Guskiewicz, 2004; Ross et al., 2005). The average range of variation (in the 
10–20 s window following ground contact) ± 3 SD’ was defined as the threshold. 
The time elapsed (from initial contact) when the UTOP signal intersects the 
threshold, was defined as TTS. Dynamic Postural Stability Index (DPSI) is defined 
as the composite of the stability indices (SIs) in mediolateral, anteroposterior and 
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vertical directions (Wikstrom, Tillman, Smith & Borsa, 2005). These stability 
indices were calculated as the mean square deviations, or fluctuations, from zero. 
Additional force outcomes calculated included COPlinear excursion length, dynamic 
postural stability index, impulse (from IC to 50 ms, 100 ms and up to the TTS time 
periods), rate of force development, peak force, and time to peak force in 
mediolateral (Fx), anteroposterior (Fy), and vertical (Fz) directions.  
5.2.7 Statistical analyses 
All analyses were performed using the Statistical Package for the Social Sciences 
(v24, SPSS Inc., Chicago, IL). Kolmogorov-Smirnov tests for normality indicated 
that all MMR excitability variables were normally distributed in healthy and coper 
individuals, but not CAI. A log transformation was applied to all dependant 
excitability variables:  soleus, tibialis anterior, peroneal, vastus lateralis, vastus 
medialis, rectus femoris, and gluteus medius. Non-normally distributed force data 
was also log-transformed: COPlinear excursion, TTSUTOP (x, y), peak force (y, z), 
time-to-peak force (x, y), loading rate (z), and coefficient of variation during 
stabilisation (x, y, z). Once a log-transformation was applied, skewness, kurtosis and 
Kolmogorov-Smirnov tests for normality indicated all data were normally 
distributed. A One-way ANOVA was used to test for differences between groups 
(CAI, LAS-coper, healthy control) of log-transformed MMR excitability, force and 
participant characteristics (height, weight) in each muscle during landing at the SLR 
and LLR. Post-hoc tests were performed using the Tukey HSD method for variables 
with a significant main effect. Significance was set a priori at an alpha level of p < 
0.05. Step-wise linear regression analyses were used to determine the influence of 
altered excitability on force variables with a large main effect. Small, moderate and 
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large effect sizes were determined based on the same criteria outlined in Chapter 2 
(part A). Normality, homoscedasticity and independency of the errors were assessed 
for all regression analyses. All regression analyses were performed on the combined 
population sample.  
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5.3 RESULTS 
5.3.1 Participant characteristics 
No between-group differences were detected for participant height or weight [height, 
F(2,29) = 3.012, p = 0.70; weight, F(2, 29) = 0.179, p = 0.837].  
5.3.2 Electrophysiology measures 
Means and 95% confidence intervals of the change in intra-limb spinal excitability 
during the horizontal jump-landing task are provided in Table 5.1. Differences in the 
distribution of spinal reflex strategy and relative differences in reflex size are 
outlined in Figure 5.3. At the timing of the SLR, significant main effects by group 
were identified for measures of spinal excitability in tibialis anterior, peroneal, 
vastus lateralis, vastus medialis, and rectus femoris musculature [TA, F(2, 29) = 
4.581, p = 0.019; PL, F(2, 29) = 6.528, p = 0.005; VL, F(2, 29) = 9.701, p = 0.001; 
VM, F(2, 29) = 9.518, p = 0.001; RF, F(2, 29) = 4.856, p = 0.016;]. No differences 
were observed for measures of soleus, or gluteus medius spinal excitability at the 
SLR [SOL, F(2, 29) = 1.594, p = 0.222; GM, F(2, 29) = 2.575, p = 0.095].  
At the timing of the LLR, main-effect differences were identified in tibialis anterior, 
vastus lateralis, vastus medialis, and gluteus medius [TA, F(2, 29) = 6.229, p = 
0.006; VL, F(2, 29) = 8.350, p = 0.002; VM, F(2, 29) = 4.844, p = 0.018; GM, F(2, 
29) = 4.889, p = 0.015]. No differences were observed for measures of soleus, 
peroneal, or rectus femoris spinal excitability at the LLR [SOL, F(2, 29) = 0.695, p = 
0.508; PL, F(2, 29) = 2.940, p = 0.070; RF, F(2, 29) = 2.549, p = 0.097]. 
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Figure 5.3. Visual representation of the distribution strategy of lower-limb spinal reflex excitability at 
the timing of the short latency response (A) and long latency responses (B) of a landing task in CAI, 
copers and healthy controls. Relative modulation of spinal reflex size between static double-leg stance 
and at the time of the short- (C) and long-latency responses (D) of the horizontal jump landing task.  
Significant differences found in tibialis anterior (TA), peroneus longus (PL), vastus lateralis (VL), 
vastus medialis (VM), rectus femoris (RF) and gluteus medius (GM). No group interaction for soleus 
(SOL) spinal reflex excitability.  Superscript characters indicate significant difference to healthy†, 
significant difference to Coper‡. 
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Table 5.1. Change in intra-limb spinal excitability during a horizontal jump-landing task in 
CAI compared to copers and healthy controls. 
Time Muscle CAI LAS-coper Healthy P 
SLR Soleus 1.02 ± 0.33 0.76 ± 0.09 0.63 ± 0.11 0.222 
 Tibialis Anterior 2.46 ± 0.76†‡ 1.27 ± 0.45 1.24 ± 0.47 0.019 
 Peroneal 2.30 ± 0.63†‡ 1.09 ± 0.38 0.89 ± 0.25 0.005 
 Vastus Lateralis 4.17 ± 0.51†‡ 3.26 ± 0.76† 1.14 ± 0.70‡ 0.001 
 Vastus Medialis 5.18 ± 1.06†‡ 1.46 ± 0.57 1.27 ± 0.73 0.001 
 Rectus Femoris 0.91 ± 0.19† 0.65 ± 0.20 0.36 ± 0.09 0.016 
 Gluteus Medius 2.11 ± 0.59 1.05 ± 0.12 1.01 ± 0.39 0.095 
LLR Soleus 0.42 ± 0.14 0.28 ± 0.08 0.33 ± 0.06 0.508 
 Tibialis Anterior 3.47 ± 0.08†‡ 1.43 ± 0.52 0.73 ± 0.23‡ 0.006 
 Peroneal 1.51 ± 0.06†‡ 0.97 ± 0.56† 0.56 ± 0.13‡ 0.070 
 Vastus Lateralis 2.71 ± 1.77† 2.93 ± 1.32† 0.87 ± 0.31‡ 0.002 
 Vastus Medialis 3.76 ± 0.52†‡ 1.63 ± 0.58† 0.77 ± 0.26 0.018 
 Rectus Femoris 1.00 ± 0.23 0.37 ± 0.08 0.42 ± 0.08 0.097 
 Gluteus Medius 2.27 ± 0.50†‡ 0.80 ± 0.21 0.91 ± 0.25 0.015 
Data represents mean ± standard error. P values indicate a main-effect for group. Superscript 
characters indicate significant difference to healthy†, significant difference to Coper‡. LAS = Lateral 
Ankle Sprain; LLR = Long Latency Response; SLR = Short Latency Response. 
 
5.3.3 Ground reaction force measures 
Mean and standard error for measures of dynamic stability and landing force strategy 
during the horizontal jump-landing task are presented in Table 5.2. No between-
group differences were observed for measures of dynamic stability calculated using 
time-to-stabilisation [Fx TTSUTOP, F(2, 29) = 2.807, p = 0.078; Fy TTSUTOP, F(2, 29) 
= 1.477, p = 0.246; Fx TTSRMS, F(2, 29) = 0.065, p = 0.938; Fy TTSRMS, F(2, 29) = 
0.408, p = 0.669], dynamic postural stability index [DPSI, F(2, 29) = 1.151, p = 
0.331] or centre of pressure linear displacement [COP, F(2, 29) = 1.594, p = 0.222]. 
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No between-group differences were detected for impulse in Fx [ImpFx0-50, F(2, 29) = 
2.130, p = 0.138; ImpFx50-100, F(2, 29) = 1.799, p = 0.185; ImpFxTTS, F(2, 29) = 2.502, 
p = 0.101], Fy [ImpFy0-50, F(2, 29) = 0.089, p = 0.915; ImpFy50-100, F(2, 29) = 0.876, p 
= 0.428; ImpFyTTS, F(2, 29) = 1.949, p = 0.162] and Fz [ImpFz0-50, F(2, 29) = 1.831, p 
= 0.180; ImpFz50-100, F(2, 29) = 1.463, p = 0.249] directions. No differences were 
detected between groups for rate of force development [RFDFx, F(2, 29) = 2.130, p = 
0.138; RFDFy, F(2, 29) = 1.799, p = 0.185; RFDFz, F(2, 29) = 2.502, p = 0.101], peak 
force [PkFx, F(2, 29) = 2.023, p = 0.142; PkFy, F(2, 29) = <0.00, p = 1.000; PkFz, F(2, 
29) = 0.580, p = 0.567] and time to peak force [Time2PkFx, F(2, 29) = 0.370, p = 
0.694; Time2PkFy, F(2, 29) = 0.370, p = 1.000; Time2PkFz, F(2, 29) = 2.224, p = 
0.128].  
This study was not sufficiently powered to identify differences in stabilisation and 
force control, based on the small sample size. Post-hoc analysis using a t-test for 
difference between two means (G*POWER 3.1.9.2, Universitat Dusseldorf) 
determined a sample of ninety (n = 30, three groups) for stability measures, and 
forty-eight (n = 16, 3 groups) for force control to provide sufficient power (1 – β > 
0.8). Variables with large standardised mean differences (d) were instead used for 
regression analyses (Figure 5.4). COP excursion length was moderately greater in 
the CAI group compared to healthy controls [Figure 5.5; d = 0.65]. Moderate 
differences were also observed in DPSI and mediolateral time-to-stabilisation [DPSI, 
d = 0.62; Fx TTS, d = 0.78]. Weak/no differences were observed in COPlength and 
DPSI between copers and healthy controls. Peak vertical force [FzPk, d = 0.89], rate 
of force development [FzRFD, d = 1.07] and impulse in the first 0-50 ms post 
ground contact [Fz50 Impulse, d = 0.85] were greater in CAI (Figure 5.6). Moderate 
differences in peak force were found in the Fx [d = 0.66] but not Fy [d = 0.18] 
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directions, in addition to mediolateral and anteroposterior rate of force development 
[FxRFD, d = 0.67; FyRFD, d = 0.72] for the CAI compared to healthy controls.  
Table 5.2. Comparison of dynamic stability and ground reaction force measures during 
landing in trials without stimulation. 
 Measure CAI LAS-coper Healthy P 
Dynamic 
Stability 
Fx TTSUTOP (s) 3.21 ± 0.33 2.167 ± 0.25 2.84 ± 0.30 0.078 
Fy TTSUTOP (s) 3.04 ± 0.84 1.93 ± 0.19 2.52 ± 0.35 0.246 
DPSI 0.25 ± 0.05 0.21 ± 0.03 0.18 ± 0.01 0.331 
COPlinear (m) 0.75 ± 0.07 0.62 ±0.06 0.63 ± 0.04 0.222 
Force 
Control 
Fz50 Impulse 35123 ± 3136 29282 ± 3263 25792 ± 3078 0.180 
Fx50 Impulse 4513 ± 453 3325 ± 385 3446 ± 497 0.138 
Fy50 Impulse 1243 ± 205 1164 ± 189 1130 ± 187 0.915 
Fz100 Impulse 70229 ± 3240 61110 ± 3775 59346 ± 6724 0.249 
Fx100 Impulse 8993 ± 657 6722 ± 772 7263 ± 1147 0.185 
Fy100 Impulse 3069 ± 395 2649 ± 245 2493 ± 295 0.428 
FxTTS Impulse 64363 ± 4495 51612 ± 4057 58376 ± 4397 0.101 
FyTTS Impulse 28941 ± 7357 20518 ± 2178 22396 ± 2122 0.162 
Fz RFD  39934 ± 5245 31956 ± 5207 25672 ± 2856 0.101 
Fx RFD 4137 ± 388 2948 ± 369 3219 ± 470 0.138 
Fy RFD 30446± 3920 25690 ±3916 22881 ±2560 0.185 
Fz Peak/BW  2.93 ± 0.20 2.85 ± 0.23 2.45  ± 0.13 0.567 
Fx Peak/BW  0.46 ± 0.02 0.38 ± 0.03 0.38  ± 0.04 0.142 
Fy Peak/BW  0.19 ± 0.02 0.19 ± 0.02 0.18  ± 0.14 0.863 
Fz TTPk (s) 0.08 ± 0.02 0.10 ± 0.01 0.14  ± 0.03 0.370 
Fx TTPk (s) 0.10 ± 0.02 0.12 ± 0.01 0.16  ± 0.04 0.128 
Fy TTPk (s) 0.11 ± 0.02 0.11 ± 0.01 0.15  ± 0.04 0.694 
Data represents mean ± standard error. No significant differences observed between healthy, coper 
and CAI groups. BW, Body Weight (newtons); COP, Centre of pressure; DPSI, Dynamic Postural 
Stability Index; Fx, mediolateral force; Fy, anteroposterior force; Fz, vertical force; F(xyz)1, impulse 
(Ft) 0-50ms post ground contact; F(xyz)2, impulse 50-100 ms post ground contact; F(xy)TTS, 
impulse calculated from ground contact to time-to-stabilisation; (m), metres; Pk, Peak; RFD, Rate of 
Force Development; RMS, calculation of time-to-stabilisation using the root-mean-square method; 
(s), seconds; TTPk, Time To Peak; TTS, Time To Stabilisation; UTOP, calculation of time-to-
stabilisation using an unbound third-order polynomial. 
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Figure 5.4. Standardised mean difference (effect size, d) to healthy controls for outcome measures of 
stability (A) and landing force strategy (B). Scores of d > 0.8 indicates strong, 0.8 > d > 0.5 indicates 
moderate, 0.5 > d > 0.3 indicates weak, d < 0.3 indicates no effect. Strong effects were observed in 
the CAI group for measures of peak force (FzPk), rate of force development (FzRFD) and impulse in 
the first 0-50 ms post ground contact (AreaFz1) in the vertical direction, only. Moderate effects, 
distinct to the CAI population, were observed for COP excursion length (COPlength) dynamic 
postural stability index (DPSI), mediolateral time-to-stabilisation (RMSFx), mediolateral peak force 
(FxPk), mediolateral and anteroposterior rate of force development (FxRFD, FyRFD), mediolateral 
impulse 0-50 ms and 50-100 ms post ground contact (Fx1 Imp., Fx2 Imp.), anteroposterior impulse 
50-100ms (Fy2 Imp.) and area under the curve to FyTTS (FyTTS Imp.). Moderate effects, distinct to 
the coper population, were observed for time-to-stabilisation calculated in mediolateral and 
anteroposterior directions using the UTOP method (UTOPFx, UTOPFy). COP, Centre of pressure; 
DPSI, Dynamic Postural Stability Index; F(xyz)1, impulse (Ft) 0-50ms post ground contact; F(xyz)2, 
impulse 50-100 ms post ground contact; F(xy)TTS, impulse calculated from ground contact to time-
to-stabilisation; Pk, Peak; RFD, Rate of Force Development; RMS, calculation of time-to-stabilisation 
using the root-mean-square method; TTPk, Time To Peak; UTOP, calculation of time-to-stabilisation 
using an unbound third-order polynomial. 
 
  
0
0.2
0.4
0.6
0.8
1
1.2
F
z5
0
 I
m
p
.
F
x
5
0
 I
m
p
.
F
y
5
0
 I
m
p
.
F
z1
0
0
 I
m
p
.
F
x
1
0
0
 I
m
p
.
F
y
1
0
0
 I
m
p
.
F
x
T
T
S
 I
m
p
.
F
y
T
T
S
 I
m
p
.
F
zR
F
D
F
x
R
F
D
F
y
R
F
D
F
zP
k
F
x
P
k
F
y
P
k
F
z 
T
T
P
k
F
x
 T
T
P
k
F
y
 T
T
P
k
B
CAI
Coper
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
U
T
O
P
 T
T
S
F
x
U
T
O
P
 T
T
S
F
y
D
P
S
I
C
O
P
le
n
g
th
E
ff
ec
t 
S
iz
e 
(d
)
A
C h a p t e r  5 |  133 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Dynamic stabilisation and force distribution maps in CAI, coper and healthy controls. 
Centre-of-pressure (LEFT) excursion from first contact over a five second period in trials without 
electrical stimulation. Force distribution map (RIGHT) of ground reaction force in mediolateral (Fx) 
and anteroposterior (Fy) directions, over a five second period in trials without electrical stimulation. 
All data represents group means for healthy, Coper and CAI groups, processed with a 10 Hz low-pass 
filter. COP excursion length was greater in the CAI group compared to healthy controls [d = 0.65]. A 
moderate standardised mean difference was shown for the CAI group, compared to healthy, in the Fx 
direction [d = 0.66] but not Fy [d = 0.18]. Weak/no differences were shown between coper and 
healthy groups for Fx and Fy directions. Differences between groups were not significant.
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Figure 5.6. Differences in ground 
reaction force between CAI, 
coper and healthy controls. Solid 
black line represents mean group 
data for raw vertical (LEFT) and 
mediolateral (MIDDLE) and 
anteroposterior (RIGHT) ground 
reaction force (N), over the first 
2.5 seconds post ground contact 
in trials without electrical 
stimulation. Grey shaded area 
indicates standard deviation 
between participants. Peak 
vertical force [FzPk, d = 0.89] 
and rate of force development 
[FzRFD, d = 1.07] were greater 
in the CAI group, compared to 
healthy controls. Moderate 
differences in means were 
calculated for mediolateral peak 
force [FxPk, d = 0.66], 
mediolateral and anteroposterior 
rate of force development 
[FxRFD, d = 0.67; FyRFD, d = 
0.72]. Differences were not 
significant across all measures. 
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Step-wise linear regression analysis revealed significant relationships between spinal 
excitability measures at the short- and long-latency responses of the landing task and 
force control. Peak mediolateral (Fx) force was partially explained by peroneal 
(7.1%), gluteus medius (6.9%) and soleus (2.5%) spinal excitability at the SLR [R = 
0.41, R2 = 0.17, p = 0.019]. Peak Fx force was also predicted by vastus lateralis (5%) 
and gluteus medius (3.4%) spinal excitability at the LLR [R = 0.29, R2 = 0.08, p = 
0.009]. Peak vertical (Fz) force was explained by peroneal (13.8%), gluteus medius 
(11%), vastus lateralis (4.3%) and tibialis anterior (2.2%) spinal excitability at the 
SLR [R = 0.31, R2 = 0.56, p = 0.017]. Vastus lateralis (9%), gluteus medius (6.3%) 
and tibialis anterior (1.9%) spinal excitability at the LLR also predicted differences 
in peak Fz force [R = 0.42, R2 = 0.17, p = 0.039]. Rate of Fz force development was 
explained by gluteus medius (14.7%), followed by vastus medialis (1.9%) and 
peroneal spinal excitability (2%) at the SLR [R = 0.43, R2 = 0.19, p = 0.033]. Rate of 
Fz force development was also predicted by rectus femoris (8.6%) and vastus 
lateralis (4.7%) at the LLR [R = 0.37, R2 = 0.13, p = 0.002]. Fz impulse (Ft) over the 
first 50 ms was predicted by gluteus medius (7.1%) and vastus medialis (2.1%) 
spinal excitability at the SLR. [R = 0.30, R2 = 0.09, p = 0.039]. Rectus femoris 
(7.1%) and vastus lateralis (3.2%) spinal excitability at the LLR also predicted 10.3% 
of the variance in vertical impulse [R = 0.32, R2 = 0.10, p = 0.011]. 
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5.4 DISCUSSION 
Study 3 was a novel investigation of lower-limb spinal excitability in CAI, LAS-
coper and healthy populations during a single-leg jump-landing task. Data of Study 3 
demonstrate LAS-coper and healthy controls modulate spinal reflexes of the lower-
limb in the same way, excluding control of vastus lateralis at the timing of the SLR. 
By comparison, spinal excitability was facilitated throughout the lower-limb in CAI 
compared to LAS-coper and healthy controls. Spinal excitability at the SLR was 
significantly greater in tibialis anterior, peroneal, vastus lateralis, vastus medialis, 
and rectus femoris muscles across the CAI group. At the LLR, healthy individuals 
modulated spinal reflexes by demonstrating consistent inhibition of the responses. 
However, both LAS-coper and CAI participants demonstrated disinhibition 
(facilitation) of tibialis, peroneal, vastus lateralis and vastus medialis spinal 
excitability at the LLR. Further, heightened gluteus medius spinal excitability at the 
LLR was a distinguishing feature of CAI participants alone. Together these results 
indicate a facilitation of spinal excitability throughout the lower-limb in individuals 
with CAI, and LAS-copers to a lesser-extent, compared to healthy controls. These 
differences in spinal excitability explained up to 29-43% of the variance in reactive 
force control during the landing task. 
5.4.1 Altered spinal excitability during landing 
Data of Study 3 suggests that facilitation of lower-limb spinal excitability was 
prevalent in CAI, compared to LAS-coper and healthy controls. Although LAS-coper 
individuals displayed a similar facilitation of spinal excitability, differences in spinal 
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excitability measures were less prominent than that observed in CAI. Previous 
research quantifying differences in spinal reflex excitability in CAI, has only 
examined H-reflex excitability at the ankle in static postures (Kim et al., 2016; Kim 
et al., 2012; Klykken et al., 2011; Sedory et al., 2007; Sefton, 2007; Sefton et al., 
2008, 2009; Terada et al., 2017). By using transcutaneous spinal stimulation to elicit 
multi-segmental muscle responses (MMRs), the current study has probed muscles 
previously inaccessible through monosynaptic H-reflexes alone: vastus lateralis, 
vastus medialis, rectus femoris and gluteus medius. As MMRs are modulated in the 
same way as H-reflexes during dynamic tasks (Courtine et al., 2007), these responses 
are proposed to reflect the spinal reflex pathway through activation of Ia-afferent 
fibres in the posterior horn of the spinal cord (Minassian et al., 2007). To further 
ensure that excitability measures reflected changes in the spinal reflex pathway in the 
current study, extraneous influence from cortical and/or fusimotor drive was 
removed by normalising MMR50% responses to ongoing bEMG activity of each 
muscle in trials without stimulation (20 ms RMS window around SLR or LLR). 
Thus, data of this thesis likely indicate a differential modulation of spinal reflex 
excitability in the lower-limb between CAI, LAS-coper and healthy individuals at 
both the short and long-latency responses.  
The SLR primarily represents firing of Ia-afferent fibres in response to muscle 
stretch (Duncan & McDonagh, 2000), and contributes to stiffness regulation at 
ground contact of dynamic tasks (Cronin et al., 2011). Thus, spinal reflex excitability 
is high at this time (Taube et al., 2008). At the timing of the SLR, relative changes in 
spinal reflex excitability were 2-4 times greater in CAI compared to healthy controls 
in 5 of 7 muscles measured. For both healthy and LAS-coper individuals, the greatest 
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change in spinal reflex excitability during landing occurred in tibialis anterior, vastus 
lateralis and vastus medialis, relative to stance (Figure 5.2); however, substantial 
changes occurred in tibialis anterior, peroneal, vastus lateralis, vastus medialis and 
rectus femoris for the CAI group. Previous research has postulated that lower stretch 
reflex activity, as observed in healthy individuals, represents a shift toward supra-
spinal mechanisms to regulate muscle stiffness (Cronin et al., 2011; Taube et al., 
2008) and greater precision of neuromuscular control (Zehr, 2002). Together, these 
findings suggest CAI, LAS-coper and healthy individuals utilise different strategies 
to regulate stiffness at ground contact of a landing task. Specifically, CAI individuals 
utilise greater relative firing of Ia-afferents at the SLR in muscles supporting 
dorsiflexion, ankle eversion, mediolateral stabilisation of the knee and hip abduction, 
while healthy and LAS-coper individuals increase stretch responses from muscles 
supporting dorsiflexion, and mediolateral knee stability alone. 
At the timing of the LLR, our data demonstrate spinal reflex excitability during 
landing was consistently inhibited relative to stance in healthy individuals, across all 
muscles investigated. Previous research has reported that spinal reflex excitability is 
similarly reduced in healthy individuals during drop jumps, corresponding to an up-
regulation of cortical drive at the LLR (Taube et al., 2008). Thus, lower inhibition of 
MMR excitability at the SLR would suggest a greater contribution of Ia-afferent 
drive toward postural control at this time, potentially in response to reduced cortical 
input. Data of this thesis reveal a facilitation of tibialis anterior, peroneal, vastus 
lateralis and vastus medialis spinal reflexes was greatest in CAI, and occurred in 
LAS-copers to a lesser extent, during dynamic tasks. Interestingly, facilitated gluteus 
medius spinal reflex responses at the LLR was observed in CAI individuals alone. It 
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may be postulated that these muscles are still undergoing a stretch phase at the 
timing of the LLR in CAI and LAS-copers, whilst cortical drive was initiated to 
reduce muscle stretch and increase control of stabilisation in healthy individuals. 
However, a limitation of the current study is that no measures of cortical excitability, 
or kinematic data were collected to relate changes in excitability with postural 
position to confirm this hypothesis. 
5.4.2 Altered spinal excitability related to force control strategy during landing 
Trial-to-trial variation in force control was partially explained by spinal excitability 
modulation at the SLR and LLR. Our data indicate a higher peak mediolateral force 
was predicted by higher spinal excitability of peroneal, gluteus medius and vastus 
lateralis musculature, following ground contact of a landing. In addition, a higher 
peak vertical force was explained by higher tibialis anterior spinal reflex excitability 
at the SLR and LLR. Further, vastus medialis and rectus femoris were partial 
predictors of rate of force development and vertical impulse. These findings support 
that differences in spinal excitability between individuals likely contribute to 
differences in kinetic control during landing. However, data of the current study 
suggests a large proportion of variance in kinetic control of the landing phase 
remains unexplained by altered regulation of Ia-afferent excitability alone. Thus, 
additional mechanisms capable of influencing the landing kinetics likely explain 
these changes. Mechanical joint laxity, mechanoreceptor damage within lateral ankle 
ligaments, muscle tension, cortical excitability, feelings of instability, and presence 
of pain are all plausible contributors to altered landing strategy that have yet to be 
examined. 
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5.4.3 Limitations 
A limitation of the current study is that corticospinal excitability was not explored 
using TMS. Instead, changes in descending cortical drive were interpreted based on 
bEMG variation at the timing of the LLR, as this is thought to be a primarily cortical 
response (Taube et al., 2008). Without directly measuring corticospinal excitability, 
interpretations made within this discussion regarding cortical drive may not 
accurately reflect neurophysiological differences between CAI and healthy controls. 
Difficulties arise with being able to secure the TMS coil to a participant during 
dynamic testing however, researchers have been able to build custom-made helmets 
(Leukel, Taube, Gruber, Hodapp, & Gollhofer, 2009; Taube et al., 2008). Further 
research utilising TMS during dynamic landing tasks in CAI individuals is needed.  
Second, a limitation concerns the jump-landing task chosen to examine spinal reflex 
excitability in CAI. The landing task controlled horizontal and vertical translation, 
and limited the physical demands to minimise the confounding effect of fatigue. 
Further, the distance chosen was previously reported to elicit reliable spinal reflex 
responses (Thompson et al., 2016). However, the chosen jump-landing task may not 
have been challenging enough to elicit kinematic and kinetic stabilisation deficits in 
those with CAI, as no differences were found between groups. Previous research has 
demonstrated differences in the kinetic landing strategy between CAI and healthy 
populations. The discrepancy between findings of this study and that of previous 
research may therefore be explained by the landing task. The chosen jump height or 
landing distance may not have been challenging enough to elicit differences in the 
kinematic and kinetic strategy between CAI and healthy control participants. For 
example, the horizontal jump-landing was controlled at 25% of maximal broad-jump 
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distance and 50% of maximal vertical jump height. However, such simple landing 
tasks may not be sensitive to differences between these populations. Perhaps a 
challenging landing task that required participants to land from a further distance, 
would be a sensitive measure of stability deficits in CAI. Further research is needed 
to determine if spinal reflex excitability may be reliably obtained from further 
jumping distances. 
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5.5 CONCLUSION 
Disinhibition of spinal reflexes during landing tasks, are characteristic of CAI and 
acute LAS-copers, compared to those without a history of sprain (healthy). However, 
spinal-level neuronal facilitation was more pronounced in CAI individuals. In 
contrast to findings from Studies 1 & 2, individuals with both an acute and chronic 
history of ankle instability demonstrated changes in this pathway. Findings of this 
study may support the hypothesis that these sensorimotor adaptations result from the 
previous history of, and/or repeated injury, and are not a predisposing genetic factor. 
Although likely an adaptive response to increase peripheral information regarding 
changes in ankle position, data within this chapter suggest that facilitated spinal 
excitability during landing contributes to higher peak forces and rate of force 
development experienced during the early stabilisation period. Unfortunately, higher 
peak forces may also predispose individuals to further injury. 
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Chapter 6 
 
Discussion and Conclusion 
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6.1 THESIS OVERVIEW 
The purpose of this thesis was to examine spinal-level sensorimotor control in those 
with CAI. The current thesis had several aims: 1a) to compare intra-limb 
mechanisms of spinal reflex excitability, pre-synaptic and recurrent inhibition 
between individuals with CAI, healthy controls, and LAS-copers; 1b) to confirm that 
altered spinal reflex excitability is associated with CAI symptoms by relating the 
variance in excitability and inhibition to differences in self-report measures of pain 
and perceived instability; 2) to determine whether differences in spinal reflex 
excitability were transferred between limbs in those with CAI, LAS-coper and 
healthy control; and 3) to assess the functional significance of spinal-level 
sensorimotor adaptations in CAI by quantifying whole-limb differences in spinal 
excitability during a dynamic landing task and its relationship to force control and 
dynamic stabilisation. 
Findings of Study 1a (Chapter 3) demonstrate no differences in spinal reflex 
excitability, pre-synaptic and recurrent inhibition between LAS-coper and healthy 
individuals during stance. However, facilitation of soleus spinal reflex excitability 
was accompanied by disinhibition of pre-synaptic mechanisms in those with CAI. 
Important to note was that soleus spinal reflex excitability was facilitated only at 
50% of the maximal H-reflex response (H50%), not maximal H-reflex excitability 
(H:Mmax), during single-leg stance in CAI individuals. Therefore, data within this 
thesis indicate measuring spinal reflex excitability and inhibition at 50% of the 
maximal H-reflex response may be more sensitive to detect differences between 
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healthy and CAI populations. Although the exact mechanism of disinhibition is 
unclear, heteronymous pathways project onto the Ia-afferent synapse and therefore 
likely contribute to the observed differences in CAI. As changes were present in the 
CAI group and not copers, it is plausible that altered spinal excitability contributes to 
chronicity following a lateral ankle sprain injury. 
Findings of Study 1b (Chapter 3) support this assumption, as differences in self-
report classification of ankle instability explained a significant proportion of the 
variance in spinal reflex excitability and inhibition between individuals. Pain 
explained 15-16% of spinal reflex excitability and pre-synaptic inhibition inter-
individual variance during single and double-leg stance, whilst perceived instability 
explained 20% of spinal reflex during single-leg stance only. Simply, individuals 
who reported pain and worse perceived instability were likely to have greater 
facilitation of spinal reflex responses and exacerbated disinhibition. Thus, pain and 
perceived instability (heightened anxiety with increased postural threat), in addition 
to altered proprioceptive input, may partially drive disinhibition of spinal reflex 
excitability in those with CAI. The combined data of Study 1 indicate CAI 
individuals up-regulate spinal reflex excitability, perhaps in the absence of other 
proprioceptive information, to maintain postural control during stance. 
Study 2 (Chapter 4) then examined pathways that mediate the transfer of reflex 
information between limbs following a destabilising stimulus. No differences were 
observed in contralateral reflex responses between healthy and LAS-coper groups 
during the standing balance task; soleus, tibialis anterior and peroneal longus 
contributed equally (~33%) toward spinal and transcortical contralateral reflex 
responses in healthy and LAS-copers. However, CAI individuals re-distributed 
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control of spinal and transcortical reflex responses towards a soleus dominant 
strategy, simultaneously reducing the relative contribution of peroneal and tibialis 
anterior musculature. Sub-analyses suggested that the presence of bilateral or 
unilateral instability did not influence an individual’s crossed reflex response; 
simply, classification as CAI, LAS-coper or healthy was the only significant factor 
determining an individual’s response. Findings of Study 2 indicate that altered spinal-
level sensorimotor control is transferred to the contralateral limb in CAI individuals, 
in previously injured and uninjured ankles. This preliminary evidence may provide 
insight into pathways mediating bilateral stability deficits following a unilateral 
ankle sprain injury. 
Findings of Study 3 (Chapter 5) indicate no differences in spinal excitability of the 
lower-limb, excluding vastus lateralis activity, between LAS-coper and healthy 
individuals during the dynamic landing task. By comparison, CAI individuals up-
regulate spinal excitability of tibialis anterior, peroneus longus, vastus lateralis, 
vastus medialis, and rectus femoris at the timing of short-latency spinal, and long-
latency transcortical reflexes. Whilst LAS-copers tended to also up-regulate spinal 
excitability of tibialis, peroneal, vastus lateralis and vastus medialis at the timing of 
transcortical reflex responses, these changes were not significant relative to healthy 
controls. Further, increased gluteus medius spinal excitability was a distinguishing 
feature of CAI participants alone. Findings within this thesis demonstrate that both 
CAI, and LAS-copers to a lesser-extent, likely up-regulate spinal reflex information 
from the lower-limb to successfully stabilise force during landing. Regression 
analyses performed on force and spinal excitability confirmed that differences in 
spinal excitability during landing explained up to 31% of reactive force control.  
C h a p t e r  6 |  147 
 
 
  
  
In summary, findings of this thesis demonstrate that CAI individuals up-regulated 
spinal reflex excitability, through bilateral spinal disinhibition, for the control of 
human movement. Facilitation of spinal excitability of a given muscle was task-
dependant in those with CAI and re-weighted according to the demands placed upon 
the system. For example, soleus spinal excitability was up-regulated during stance, 
but not during a horizontal jump-landing task, where feedback from lateral 
stabilisation is likely more important. Instead, CAI individuals up-regulated spinal 
reflex excitability of tibialis anterior, peroneal longus, vastus lateralis, vastus 
medialis and gluteus medius during the dynamic landing. The ability to dynamically 
re-weight spinal excitability according to the demands of a given task may reflect a 
positive protective strategy employed by the central nervous system to generate 
sufficient information for the control of human movement. Data within this thesis 
indicate LAS-copers did not need to up-regulate spinal reflex excitability for balance 
control during simple static tasks such as stance. However, spinal facilitation trends 
were observed for LAS-copers during the more challenging landing activity. 
Changes in spinal excitability and inhibition were partly explained by pain and 
perceived instability, however, differential findings between CAI and LAS-copers 
may also support that repeated injury further exacerbates this response.   
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 6.2 INTERPRETATION OF FINDINGS 
Impaired sensorimotor control is purported to cause CAI: recurrent ankle sprain 
injuries, feelings of instability and giving way at the ankle. Despite a plethora of 
research identifying deficits in balance, reaction time, joint position sense and 
eversion strength within the CAI population (Thompson et al., 2017), the 
mechanisms underpinning these deficits remain unclear. It is plausible that afferent 
feedback is altered following an ankle sprain, owing to damage of articular receptors 
within lateral ankle ligaments (Freeman, 1965a; Freeman et al., 1965). The 
investigations made within this thesis discuss altered sensorimotor integration in CAI 
as a strategy used to generate relevant information for maintaining postural control in 
both static and dynamic tasks, perhaps in the absence of sufficient joint receptor 
information. This is the first series of investigations to consider these mechanisms in 
CAI, compared to LAS-coper and healthy populations.  
6.2.1 Mechanisms mediating sensorimotor adaptations in CAI 
Freeman et al. (1965) proposed articular deafferentation occurs after an inversion 
ankle sprain injury due to mechanoreceptor damage within lateral ligaments. In 
healthy individuals, afferent feedback from the ankle joint capsule and ligaments 
subserve reflex control of neighbouring musculature for stabilisation (Freeman, 
1965a; Freeman et al., 1965) and are important for sensing heel-strike (Konradsen et 
al., 1993). Thus, partial deafferentation following an ankle sprain could disturb 
locomotion and reflex control. However, balance and locomotion are not solely 
supported by ligaments. In the absence of mechanoreceptor feedback, the central 
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nervous system can up-regulate Ia-afferent drive (muscle stretch/length information) 
to maintain postural control during stance (Konradsen et al., 1993). This may explain 
subsequent research reporting individuals are able to maintain balance despite 
anesthetisation of lateral ligaments (Riemann et al., 2004). Data within this thesis 
support that Ia-afferent feedback is up-regulated within the spinal cord of those with 
CAI, which may be driven by articular deafferentation of mechanoreceptors.  
Study 1 found that GABA-mediated pre-synaptic mechanisms were disinhibited in 
CAI, contributing to the facilitation of soleus spinal reflex responses during stance. 
Functionally, GABA-mediated pre-synaptic inhibition of spinal-level motor neurons 
acts to gate afferent input to motor neuron (Pierrot-Deseilligny & Burke, 2012). 
Within the spinal cord, pre-synaptic inhibitory interneurons (GABA receptors) 
receive projections from muscle, tendon and cutaneous afferents and the 
corticospinal tract (H Hultborn et al., 1987; Pierrot-Deseilligny, 1997; Pierrot-
Deseilligny & Burke, 2012). Neurotransmitter release from sensory afferents can 
therefore be selectively modified by both peripheral and supraspinal centres (Pierrot-
Deseilligny & Burke, 2012; Sibley et al., 2007). Disinhibition of the conditioned pre-
synaptic response observed in CAI individuals, indicates the contribution of an 
external peripheral and/or supraspinal excitatory mechanism. Combined data from 
this thesis supports heteronymous disinhibition of pre-synaptic mechanisms through 
two potential mechanisms: altered feedback arising from antagonistic musculature 
surrounding at and superior to the ankle (reciprocal inhibition), and insufficient 
descending cortical drive. 
Coordinated contraction between agonists and relaxation of antagonists is achieved 
through reciprocal inhibition (Nielsen & Kagamihara, 1992). Imbalances in this 
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pathway are associated with undesirable, excessive reflex responses (Crone et al., 
2006; Crone et al., 1994; Crone et al., 2007; Katz & Pierrot-Deseilligny, 1999). Due 
to methodological issues outlined in Chapter 3, reciprocal inhibition of the H-reflex 
response was not directly measured within this thesis. However, data of Study 2 & 3 
demonstrate co-contraction between antagonists was enhanced in healthy participants 
during challenging postural tasks, in accordance with previous findings (Nielsen & 
Kagamihara, 1992). Whilst reflex contributions between muscles were unbalanced 
surrounding the ankle and knee in those with history of ankle injury. Findings of this 
thesis may support the presence of irregular reciprocal inhibition between 
musculature of the lower-limb following an ankle sprain (Feger et al., 2015). As 
projections from inhibitory neurons are capable of depressing reciprocal interneurons 
(Nielsen & Kagamihara, 1992), reduced GABA-mediated PSI owing to insufficient 
cortical drive could also explain irregular co-activation.  
Successful coordination of bilateral human movement is achieved through the 
transfer of relevant information between limbs via transcallosal fibres (cortical) and 
commissural interneurons (spinal); mediated by complex ogliosynaptic pathways 
capable of integrating both cortical and peripheral input (Jankowska et al., 2005; 
Jankowska & Edgley, 2006). Healthy individuals reduce contralateral muscle activity 
at the timing of spinal crossed reflex responses, which is believed to reflect the 
central nervous system inhibiting spinally-mediated drive until more appropriate 
supraspinal responses may be provided (Frigon & Rossignol, 2008). Facilitation and 
increased variability of contralateral spinal reflex responses are characteristic of 
imbalance and spasticity (Stubbs et al., 2012). Study 2 & 3 demonstrated spinal and 
transcortical contralateral reflexes at the ankle were altered, and more variable, in 
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those with CAI. However, Study 3 expanded upon Study 2, finding that spinal 
excitability was facilitated during long-latency responses without differences in 
background EMG; indicative of greater spinal contribution at the time of 
transcortical reflex responses, likely in the absence of sufficient descending cortical 
drive in CAI. Irregular contralateral spinal reflex responses in CAI may mediate 
bilateral stability deficits following a unilateral ankle sprain injury (Evans et al., 
2004; Konradsen et al., 2002).  
Data within this thesis demonstrates that individuals with CAI re-orient sensorimotor 
control by increasing the contribution of soleus Ia-feedback to maintain balance 
during stance (Study 1 and Study 2). Yet during more challenging landing tasks, CAI 
individuals utilised widespread up-regulation of spinal reflex information from 
musculature controlling ankle eversion, knee abduction and hip abduction (Study 3). 
The ability to up-regulate feedback from muscle according to the demands of a given 
task may be a protective strategy designed to generate relevant information for 
maintaining balance. Many mechanisms could underpin task-dependant changes in 
spinal reflex excitability. It is possible that changes at the ankle have a cascading 
effect on spinal-level reactive processing of proprioceptive information from the 
knee and hip. However, it is also unlikely that such a strategy could be solely 
mediated within the spinal cord considering the onset of early reflex responses (< 45 
ms). Instead, it is proposed that observations of widespread disinhibition 
(heteronymous facilitation) spinal reflex excitability superior to the injured joint 
supports the contribution, and perhaps adaptation, of higher-order corticospinal 
neurons.  
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There are two plausible explanations underpinning cortical excitability driving 
spinal-level adaptation in CAI: i) up-regulated excitability at the spinal cord 
subsequently influences higher-order processing within the transcortical loop, and ii) 
lower cortical drive contributes to disinhibition of spinal-level neurons. Recent 
research has identified changes in corticospinal excitability of CAI individuals: lower 
corticospinal excitability (McLeod et al., 2015; Pietrosimone & Gribble, 2012; 
Terada et al., 2016) and greater intra-cortical inhibition (Terada et al., 2016). More 
recently, researchers were able to identify reduced white matter microstructure in the 
superior cerebellar peduncle of those with CAI (Terada, Johnson, Kosik, & Gribble, 
2018). Previous findings of altered corticospinal excitability at rest, and altered 
cortical matter, may provide better support for the latter. Based on these findings, 
there is strong evidence to support sensorimotor adaptations present in the spinal 
cord of those with CAI. However, common to each of the mechanisms explored, is 
the potential for insufficient cortical input to drive adaptations within the spinal cord. 
Simply, the spectrum of spinal cord adaptations in CAI likely stem from reduced 
cortical drive.  
Conjecture still exists regarding whether these sensorimotor adaptations are inherent 
characteristics capable of predisposing individuals to poor balance control and 
increased injury risk, or adaptive responses designed to generate relevant information 
for the performance of functional tasks. Although sensorimotor integration was not 
different between healthy and coper individuals during simple, static tasks; 
challenging dynamic activities were able to demonstrate different trends between 
healthy and coper groups and indicate similar adaptations to CAI individuals. Thus, 
severity of altered spinal reflex excitability may be a reflection of repeated injury. 
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Further, to be considered for inclusion as a coper, participants needed to present with 
no more than one ankle sprain per ankle and report no ongoing symptoms. Thus, the 
copers CAIT score self-report symptoms were relatively close to healthy. Future 
research which includes copers with a history of more than one ankle sprain injury 
may provide further insight into whether these changes result from repeated ankle 
injury and ligamentous damage, or are inherent injury mechanisms. 
6.2.2 A novel perspective on multidimensional mechanisms mediating sensorimotor 
adaptations in CAI 
The contribution of reduced articular information, heteronymous muscle facilitation 
and cortical inhibition to driving an increased reliance on muscle length feedback are 
discussed above. A novel perspective considered within this thesis, was the potential 
role of pain and perceived instability to driving disinhibition of Ia-drive following 
repeated ankle sprain injuries.  
Aberrant movement control may result from pain, cognitive and/or emotive changes, 
in addition to social and environmental factors (Simmonds, Moseley, & Vlaeyen, 
2008). Although the perception of pain and instability resides in the brain, research in 
acute experimental pain (Rossi et al., 1999), chronic pain (Banic et al., 2004) and 
elderly/unstable populations (Maki, Holliday, & Topper, 1991; Sibley et al., 2007) 
confirm that pain and perceived instability can drive altered sensorimotor integration 
at the spinal-level. The findings of Study 1 indicated the presence of pain and 
perceived instability during functional activities explained a large proportion of inter-
individual variability in spinal reflex excitability and pre-synaptic inhibition between 
CAI, coper and healthy individuals.  
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Pain is reported to modify central nervous system activity (Le Pera et al., 2001) and 
produce altered movement strategies (Hodges, Moseley, Gabrielsson, & Gandevia, 
2003; Hodges & Tucker, 2011). Findings of this thesis are aligned with previous 
research demonstrating increased threshold of spinal-level motor neuron activation 
(Mazzocchio, Scarfò, Mariottini, Muzii, & Palma, 2001) and stretch reflex amplitude 
(Matre, Sinkjær, Svensson, & Arendt-Nielsen, 1998) in the presence of pain. Further, 
nociceptive volleys are capable of reducing pre-synaptic inhibition (Rossi et al., 
1999). Reduced spinal inhibition, or a shift to facilitation observed in CAI (Study 1), 
is a common feature of chronicity following initial tissue damage and inflammatory 
pain (Guo & Hu, 2014). Nociceptive volleys are known to disinhibit excitability of 
homonymous, and adjacent heteronymous, spinal neurons by both pre- and post-
synaptic mechanisms (Rossi et al., 1999). Thus, pain may similarly reverse soleus 
spinal inhibition and contribute to altered heteronymous spinal excitability in CAI, as 
observed within this thesis. 
Pain is commonly accompanied by heightened fear and anxiety (Suzuki et al., 2004). 
Such feelings of instability are associated with spinal hyper-excitability and altered 
cortical activity (Adkin et al., 2008; Suzuki et al., 2004); thought to be mediated by 
pre-synaptic inhibition through task-specific gating of cortical drive (Sibley et al., 
2007). Findings of this thesis support that individuals with CAI up-regulated spinal 
reflex excitability during single-leg balance, but not double-legged stance, compared 
to healthy participants. Whilst healthy individuals are able to reduce spinal reflex 
excitability in the presence of increased postural threat/anxiety, a similar facilitation 
of spinal excitability during challenging postures was previously reported in elderly 
individuals (Sibley et al., 2007). Study 1 reported that perceived instability explained 
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21% of the variability in spinal reflex excitability. Thus, data within this thesis 
supports an association between disinhibition, increasing postural threat and 
perceived instability in CAI. Based on data presented within this thesis, it is proposed 
that muscle length information is up-regulated in the absence of mechanoreceptor 
feedback, and further exacerbated by altered cognitive states leading to changes in 
cortical representations and reduced descending drive in those with CAI. 
These findings on pain and perceived instability are preliminary, and simply indicate 
a potential relationship between these factors and altered spinal excitability in CAI. 
Further mechanistic research is needed to confirm the role of cortical control and 
GABAergic inhibition towards disinhibition of spinal excitability in CAI, injury 
development, pain and instability.  
6.2.3 Sensorimotor control and functional deficits in CAI. 
Kinematic and neuromuscular deficits appear superior to the ankle following a LAS 
injury (Crosbie, Green, & Refshauge, 1999; Levin et al., 2015). To date, the 
mechanisms mediating alterations observed superior to the ankle were unclear.  
Findings of Study 3 support that higher peak force, rate of force development and 
impulse during landing were partially explained by altered spinal reflex control at, 
and superior to the ankle. A higher spinal excitability of peroneal, gluteus medius 
and vastus lateralis musculature were associated with higher peak mediolateral and 
peak vertical force. Whilst tibialis anterior, vastus medialis and rectus femoris spinal 
excitability during landing predicted rate of force development and vertical impulse. 
Considering spinal reflex excitability predicts the regulation of force at ground 
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contact, such alterations may also partially explain potentially harmful movement 
strategies.  
Chapter 2 (systematic review) identified that impaired balance and strength are 
strong determinant factors of chronic ankle instability. Together, balance and 
strength may determine an individual’s ability to resist inversion sprains. 
Unfortunately, due to insufficient statistical power, regression analyses were not 
performed on stability measures (TTS and COP excursion length). However, altered 
afferent feedback is purported to impair an individual’s ability to appropriately 
stabilise and explain longer TTS scores (Wikstrom et al., 2006). Investigations of the 
dynamic landing task within this thesis indicate that the greatest excursion in centre 
of pressure, mediolateral and anteroposterior force occurred within the first 250 ms 
post ground contact (Appendix F). Interestingly, it is also during this period that 
ankle sprains occur (Terada & Gribble, 2015). As short-latency spinal (45 ms), and 
longer-latency transcortical (120 ms) reflex responses occur within this time period, 
it is plausible that these responses similarly explain the changes in centre of pressure 
and stability at this time. 
Heightened spinal reflex excitability at the timing of the short-latency response 
explain greater peak forces at ground contact (Study 3) and may be associated with 
increased stiffness (Cronin et al., 2011). Greater spinal excitability at the SLR and 
LLR in CAI may therefore be a negative force strategy capable of predisposing 
individuals to further injury. Healthy individuals reduced spinal excitability at the 
LLR (Study 3), in accordance with previous research (Leukel et al., 2008; Taube et 
al., 2007; Taube, Leukel, Lauber, & Gollhofer, 2012; Taube et al., 2008). Reduced 
spinal excitability at the LLR is mediated by up-regulated descending cortical drive 
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to increase precision and enhance postural control by inhibiting poorly timed spinal 
reflex responses (Petersen et al. 1998). Thus, facilitated spinal excitability at the LLR 
in those with a history of ankle sprain injury (Study 3) may lead to undesirable and/or 
exaggerated spinal reflex responses and worsened instability.  
Strength was not directly measured within this thesis. However, combined data of the 
systematic review (Chapter 2) and experimental studies support that evertor 
weakness is a potentially easily modifiable, and important target for rehabilitation of 
ankle sprain injuries to counter sensorimotor changes associated with ankle injuries. 
Strength is dependent on muscle size, and the ability of the central nervous system to 
drive muscle activation. Following strength training, descending cortical activation, 
motor neuron output and firing rate is increased (Aagaard et al., 2002; Cutsem et al., 
1998). Reduced evertor strength in CAI individuals may therefore be explained by an 
inability to drive the ankle musculature. If true, strength training may mediate 
reduced descending cortical drive and observed changes in cortical white matter 
observed in CAI. As a result, it is plausible that high-intensity strength training may 
have the greatest capacity to counter observed sensorimotor changes in CAI 
individuals.  
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6.3 RESEARCH ORIGINALITY 
This was the first series of investigations to assess novel pathways and mechanisms 
that help explain altered sensorimotor control in CAI. Previous authors have 
proposed that articular receptor damage within lateral ankle ligaments re-orients 
control toward muscle spindle feedback from muscles surrounding the ankle. 
However, the studies within this thesis were the first to directly measure up-regulated 
feedback from muscular surrounding the ankle, knee and hip in those with CAI. 
Further, this was the first investigation to consider the role pain perception and 
perceived instability on exacerbating this re-orienting sensorimotor control in CAI. 
Moreover, these findings indicate pain perception, perceived instability and Ia-
afferent excitability are coupled. To the best of my knowledge, Study 2 was also the 
first to examine corticospinal pathways responsible for developing bilateral deficits 
in those with CAI, and demonstrate a relationship between increased Ia-afferent 
excitability and stabilisation strategies during a dynamic task.  
Previous CAI research investigating differences in spinal reflex excitability (Sefton, 
2007, 2008, 2009) have used H-reflex methods that are likely to concomitantly 
activate both afferent and efferent nerve fibres. Thus, previous measures of spinal 
reflex control in CAI are likely to be confounded by antidromic collision and post-
synaptic inhibition. Quantifying spinal reflex excitability at 50% of the maximal 
spinal reflex response (H50%), which does not elicit an M-wave, is a more accurate 
measure of spinal reflex excitability in CAI compared to the maximal H:Mmax 
response or percentage of M-max. The work in this thesis therefore presents a novel 
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and reliable methodology to probe lower-limb spinal reflex excitability in those with 
CAI.  
Using this method, this thesis has confirmed for the first time muscle spindle 
feedback is up-regulated in those with CAI. Further, re-orienting control toward 
muscle length changes were specific to the CAI population; however, some 
differences were also observed in LAS-copers during landing. It is believed that 
these findings may not have been elucidated if the traditional method of measuring 
spinal reflex excitability was used. Collectively, the research contained within this 
thesis has added to our understanding of the mechanisms that facilitate spinal 
excitability and its contribution to altered sensorimotor control in CAI. 
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6.4 LIMITATIONS 
Limitations specific to each study were discussed in their respective chapters. Below 
is a discussion of the overarching limitations of the thesis as a whole. 
The primary limitation of this body of research concerns the retrospective study 
design. Consequently, it remains unclear whether differences in spinal reflex 
excitability manifest from a history of injury, or are inherent mechanisms which 
cause injury. Future research may consider examining the relationship between 
altered spinal excitability and injury history/severity.  
Another limitation of this body of research was that changes in transcortical reflex 
responses were indirectly assessed based on spinal-level excitability changes and 
background EMG. Without the use of TMS and kinematic measurements, 
assumptions made within this thesis regarding changes in cortical excitability and 
movement control cannot be confirmed without further research.   
Further, no gender or age specific analyses were performed within this thesis. Both 
age and gender are known factors capable of influencing sensorimotor control and 
integration. However, as gender and age were matched between groups, the influence 
of these constraints on differences in spinal reflex excitability is believed to be 
accounted for in the analysis and not confound the findings.  
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6.5 FUTURE DIRECTIONS AND RESEARCH 
IMPLICATIONS  
This thesis presents empirical data that adds to the understanding of mechanisms and 
pathways which mediate the altered sensorimotor and kinetic control in those with 
CAI, compared to LAS-coper and healthy controls. The outcomes of this thesis 
provide clear implications for future ankle instability research, and also offer 
practical information for researchers and clinicians interested in CAI. The main 
outcomes of this thesis are: 
 Based on data presented within this thesis, and considering the aetiology of 
ankle sprain injuries, it is proposed that muscle stretch information is likely 
up-regulated in the absence of articular position sense at the ankle and 
exacerbated by changes in cortical representations and reduced descending 
drive.  
 Although descending cortical drive is proposed as a likely mechanism for 
spinal disinhibition in CAI, it may also be explained by a loss of GABA 
receptors, GABA release and/or synthesising enzymes within the spinal cord 
(Guo & Hu, 2014). Further research is needed to confirm/refute insufficient 
descending cortical drive as the primary mechanism mediating spinal-level 
sensorimotor adaptations.  
 Higher soleus spinal reflex excitability during stance was partially explained 
by pain and perceived instability. Thus, pain and perceived instability may be 
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important considerations/outcomes for the treatment of ankle sprain injuries 
and CAI. 
 According to the gate-control theory, consistent non-nociceptive stimulation 
is capable of producing prolonged pain relief by modulating central 
mechanisms (Pockett, 1995). In the same way, application of TENS can 
reduce clinical spasticity and improve reflex and motor functions (Levin & 
Hui-Chan, 1992) – the effect described as a ‘reset’ of the sensory and motor 
system (Francini, Maresca, Procacci, & Zoppi, 1981). The underlying 
mechanisms are believed to be the result of enhanced pre-synaptic inhibition 
and disinhibition of descending voluntary drive (Levin & Hui-Chan, 1992). It 
is therefore possible that the application of TENS as an effective treatment 
addition for CAI should be investigated with further research. Altered 
sensorimotor control from an injured limb is capable of being transferred to 
the opposite limb, via the spinal reflex pathway and higher-order transcortical 
loops. 
 Findings on pain, perceived instability and altered spinal excitability are 
preliminary. Further mechanistic research is needed to confirm the role of 
cortical control and GABAergic inhibition towards disinhibition of spinal 
excitability in CAI and recurrent injury development.  
 These findings may support the use of sensory-targeted rehabilitation 
strategies in individuals with CAI. The use of massage, stretching and joint 
mobilisation are believed to be capable of re-orienting sensorimotor control 
in CAI and reducing pain. Recent research has demonstrated its effectiveness 
(McKeon & Wikstrom, 2016). 
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 Altered sensorimotor control was shown to be task-dependant, and not 
confined to a given joint/muscle group. Thus, a holistic approach to 
rehabilitation which considers re-orienting deficits throughout the entire 
lower-limb of both injured and uninjured limbs may be necessary to 
effectively treat this population. 
 Further research utilising transcranial magnetic stimulation should examine 
changes in cortical excitability/representation, its role in bilateral instability, 
kinetic and kinematic deficits in this population. 
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6.6 CONCLUSION 
Findings from this thesis expand our current understanding of the factors mediating 
altered sensorimotor control and kinematic strategies in CAI. Disinhibition of spinal 
reflexes throughout the lower-limb, and during tasks with increased postural threat, 
are a characteristic specific to the CAI population when compared to individuals with 
a history of acute lateral ankle sprain (copers) and those without a history of sprain 
(healthy). Altered spinal reflex information is capable of then influencing subsequent 
transcortical reflexes and being transferred to the contralateral uninjured limb in 
those with CAI. Spinal reflexes, specifically muscle spindle information, are likely 
up-regulated in the absence of sufficient articular information. However, facilitated 
spinal reflex excitability in those with CAI is also likely inter-related with altered 
antagonistic information and reduced feed-forward anticipatory drive. Findings of 
this thesis also indicate heightened pain and perceived instability are likely 
subsequent factors also driving spinal disinhibition in those with CAI. Finally, data 
within this thesis are in agreement with emerging research, supporting the 
appropriateness of sensory-targeted rehabilitation strategies in CAI. 
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Participant Information Sheet (General) 
 
Project Title: Cortical and spinal neuromuscular control in healthy individuals and people 
with chronic ankle instability. 
Who is carrying out the study? 
Miss Cassandra Thompson, (PhD student) Dr Paul Marshall 
Dr Siobhan Schabrun 
 
You are invited to participate in a study conducted by Miss Cassandra Thompson from the 
department of Sport and Exercise, School of Science and Health, University of Western 
Sydney. 
Participants with a history of repetitive ankle sprains, a history of a single ankle sprain and 
individuals with no history of ever experiencing an ankle sprain are invited to participate in 
the study. Only participants with no other known neurological or lower-limb orthopedic 
impairment will be included, however. 
What is the study about? 
The purpose is to investigate the mechanisms underlying the presence of persistent ankle 
sprain injuries. 
What does the study involve? 
The purpose of this study is to better understand whether repetitive ankle sprain injuries 
result from changes in excitability of cortical and spinal neurons. If you agree to participate in 
this study, one or more of the following procedures will be performed: 
-Electromyographic (EMG) recordings 
Surface electromyography (EMG) electrodes will be used to to record muscle activity. EMG 
data will be taken from lower-limb muscles to detect responses that have been evoked by 
transcranial magnetic stimulation (TMS) and peripheral nerve stimulation (PNS). 
-Transcranial magnetic stimulation (TMS) probes activity within the brain. 
For this study, it will be used to measure activity of neurons in the motor cortex and sensory 
cortex of the brain. 
The first measure will examine changes in activity within the motor cortex. 
The second measure will examine changes in activity of one side of the brain following 
activation of the opposite side of the brain. 
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The third measure will examine changes in activity between two areas (motor and sensory) 
of the brain. 
-Peripheral nerve stimulation (PNS) will be used in this study in two ways: 
To examine the activity of neurons in the spinal cord 
To send sensory signals to the brain. 
This is achieved by delivering a small, non-painful electrical stimulus to the nerve at the back 
of the knee and/or spine and measuring the induced muscle response. 
-Submaximal voluntary contraction (MVC) 
Subjects maximal voluntary contraction of the calf musculature will be identified and used as 
a reference to hold a mild, intermittent contraction (10-40%MVC) during the trial. To do this, 
subjects will be asked to push/contract as hard as they can for a minimum of three seconds. 
-Questionnaires 
Participants will be asked to fill out a general screening tool which includes contraindications 
to various methods as well as demographic information such as age and gender. 
Demographic information including age, gender, unilateral/bilateral instability, height and 
weight. 
Functional ankle disability index measurements to assess the presence and severity of ankle 
instability. 
To identify the safety/ethical use of transcranial magnetic stimulation on the participant. 
How much time will the study take? 
Your participation in this study will involve two sessions of approximately 2-3hours. 
Will the study benefit me? 
This is a research project and not a treatment program, thus there may not be any direct 
benefit to you from your involvement. 
You will be reimbursed for your time to at the end of the second testing session. 
Will the study involve any discomfort for me? 
The study is designed to address our aims in such a manner that you are exposed to the 
minimum possible degree of risk, inconvenience and discomfort. If TMS is used, there is a 
small risk of seizure. Participants who are identified to be at a risk of seizure during testing 
are excluded. During peripheral nerve stimulation, there is a risk of short term (<1second) 
discomfort. However, you will have the opportunity to withdraw from these procedures at any 
time should you wish to do so, without penalty or affecting the ongoing management of your 
condition in any way. 
How is this study being paid for? 
This study is being sponsored by university and/or government funding. There are no 
commercialization or intellectual property implications of the funding/support arrangement 
and no conflict of interest. 
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Will anyone else know the results? How will the results be disseminated? 
All aspects of the study, including results, will be confidential and only the researchers will 
have access to information on participants (except as required by law). 
A report of the study may be submitted for publication (in a journal or conference or thesis), 
but individual participants will not be identifiable in such a report. You will be asked to 
provide extended consent so that your data may be used in future publications. Again, your 
individual data (specifically age, height and weight) will not be identifiable as only ranges 
and/or averages of the group are reported. 
Feedback on individual assessment results will be provided upon request and a summary of 
the overall outcomes of the study will be available upon request at the completion of the 
research project. 
Can I withdraw from the study? 
Your participation is entirely voluntary: you are not obliged to be involved and, if you do 
participate, you can withdraw at any time without giving any reason and without any 
consequences. 
If you withdraw from the study, any collected data will be de-identified, potentially analysed 
and included in publications unless you indicate otherwise. 
You may also be excluded from testing if you present with any conditions that may implicate 
your health and safety during testing. Your answers from the questionnaires will determine 
whether you are eligible to participate in the study. 
Exclusion criteria includes, but is not limited to: 
-If you are pregnant 
-You have a neurological condition including epilepsy or suffer from syncope 
-You have a cochlear implant 
You may also be excluded if you have: 
-Consumed anything capable of modifying the activity of the nervous system (e.g. 
medications, illicit drugs, caffeine) in the 24hour period prior to testing. 
-Experienced a significant ankle sprain within 6months of testing. 
-Under the age of 18 
 
Can I tell other people about the study? 
Yes, you can tell other people about the study by providing them with the chief investigator's 
contact details. They can contact the chief investigator to discuss their participation in the 
research project and obtain an information sheet. 
What if I require further information? 
When you have read this information, Miss Cassandra Thompson will discuss it with you 
further and answer any questions you may have. 
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If you would like to know more at any stage, please feel free to contact Cassandra via 
phone: 02 4620 3917, or email: c.thompson2@westernsydney.edu.au. 
What if I have a complaint? 
This study has been approved by the University of Western Sydney Human Research Ethics 
Committee. The Approval number is H11324 
If you have any complaints or reservations about the ethical conduct of this research, you 
may contact the Ethics Committee through the Office of Research Services on Tel +61 2 
4736 0229 Fax +61 2 4736 0013 or email humanethics@uws.edu.au. 
 
Any issues you raise will be treated in confidence and investigated fully, and you will be 
informed of the outcome. 
 
If you agree to participate in this study, you may be asked to sign the Participant Consent 
Form. 
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Appendix D 
 
Participant Consent Form
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Human Research Ethics Committee 
Office of Research Services 
 
 
 
 
Participant Consent Form 
This is a project specific consent form. It restricts the use of the data collected to the 
named project by the named investigators. 
 
Note: If not all of the text in the row is visible please 'click your cursor' anywhere on the 
page to expand the row. To view guidance on what is required in each section 'hover your 
cursor' over the bold text. 
Project Title: Cortical and spinal neuromuscular control in healthy individuals and 
people with chronic ankle instability 
I,…………………………, consent to participate in the research project titled Pain, 
physiotherapy and underlying cortical mechanisms. 
 
I acknowledge that: 
 
I have read the participant information sheet [or where appropriate, ‘have had read to 
me’] and have been given the opportunity to discuss the information and my involvement 
in the project with the researcher/s. 
 
The procedures required for the project and the time involved have been 
explained to me, and any questions I have about the project have been answered 
to my satisfaction. 
I consent to the following tests: 
☐ Electromyography 
☐ Electrical stimulation of peripheral nerves 
☐ Transcranial magnetic stimulation 
☐ Maximal and sub-maximal voluntary muscle contractions 
☐ Mechanical laxity measurement 
☐ Swelling measurement 
☐ Questionnaires 
I understand that my involvement is confidential and that the information gained during 
the study may be published but no information about me will be used in any way that 
reveals my identity. 
 
I acknowledge and consent to my 'non-identifiable' information being used in 
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H11324 
related future studies/ publications beyond the scope of the specific studies 
described. 
 
I understand that I can withdraw from the study at any time, without affecting my 
relationship with the researcher/s now or in the future. 
 
 
Signed: 
 
 
Name: 
 
Date: 
 
 
 
Return Address: 
 
 
 
 
 
 
This study has been approved by the University of Western Sydney Human Research 
Ethics Committee. The Approval number is: 
 
If you have any complaints or reservations about the ethical conduct of this research, you 
may contact the Ethics Committee through the Office of Research Services on Tel +61 2 
4736 0229 Fax +61 2 4736 0013 or email humanethics@uws.edu.au. Any issues you 
raise will be treated in confidence and investigated fully, and you will be informed of the 
outcome. 
  
Miss Cassandra 
Thompson Building 20, 
University of 
Western Sydney 
Campbelltown 
Campus 
Locked Bag 1797, Penrith, NSW 2751, Australia 
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Appendix E 
 
Participant physical activity questionnaire, 
Cumberland Ankle Instability Tool, and  
Ankle Instability Instrument completed by 
participants 
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General health Screen 
 
Do you have a history of surgery in the lower limb (i.e. bone, joint or nerve structure)? 
YES/NO 
Do you have a history of fracture in either limb of the lower extremity?  
YES/NO 
Have you recently (in the last 3months) had an acute injury to musculoskeletal 
structures of either joints of the lower extremity, which impacted joint integrity and 
function (i.e. sprains, fractures) resulting in at least 1 interrupted day of physical 
activity?  
YES/NO 
Do you have any known neurological impairment/condition including epilepsy, syncope or 
stroke?  
YES/NO 
 
If you have answered yes to any of the above questions, you may be excluded 
from further testing.  
If you are unsure, please ask the researcher for further assistance. 
 
 
Are you currently taking any medication capable of altering nervous system function 
(i.e. caffeine, illicit drugs, alcohol, pseudoephedrine)?  
YES/NO 
If yes, what is it?   
 
 
And, when was this last consumed   
 
 
Are you currently physically active? YES/NO 
If yes, please describe:            
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Self-reported ankle instability 
 
1. Do you have a history of at least one significant ankle sprain, associated 
with an inflammatory response (pain, swelling etc.) and interrupted at 
least one day of desired physical activity? 
 
YES/NO 
 
If yes, how many?     
 
And when was your last significant 
ankle sprain? (> 12months prior to 
study) 
 
2. Do you have feelings of “giving way” (regular occurrence of uncontrolled 
and unexpected episodes of rolling of the ankle that does not result in a 
lateral ankle sprain)? 
YES/NO 
 
If so, how often?                                                                                                                            (e.g. ≥ 2 in past 6months) 
 
3. Do you have feelings of instability at the ankle during sporting activities or 
activities of daily living, often associated with fear of sustaining a lateral ankle 
sprain? 
 
YES/NO 
 
If so, how often?   
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Ankle instability instrument – LEFT ANKLE    
Instructions 
This form will be used to categorise your ankle instability. A separate form should be used for 
the right and left ankles. Please fill out the forms completely. If you have any questions, Please 
ask the administrator of the survey. Thank you for your participation. 
1. Have you ever sprained an ankle? YES NO N/A 
2. Have you ever seen a doctor for an ankle sprain? If yes, 
2a. How did the doctor categorise your most serious ankle sprain? 
□ Mild (grade 1) □ Moderate (grade 2) □ Severe (grade 3) 
□ □  
3. Did you ever use a device (such as crutches) because you could not bear 
weight due to an ankle sprain? 
If yes, 
3a. In the most serious case, how long did you need the device? 
□1-3days □4-7 days □1-2weeks □2-3 weeks □>3weeks 
□ □  
4. Have you ever experienced a sensation of your ankle “giving way”? If yes, 
4a. What was the last time your ankle gave way? 
□<1month □1-6months □6-12months □1-2years □>2years 
□ □  
5. Does your ankle ever feel unstable while walking on a flat surface? □ □  
6. Does your ankle ever feel unstable while walking on an uneven ground? □ □  
7. Does your ankle ever feel unstable during recreational or sport activity? □ □ □ 
Does your ankle ever feel unstable while going UP stairs? □ □  
Does your ankle ever feel unstable while going DOWN stairs? □ □  
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Ankle instability instrument – RIGHT ANKLE    
Instructions 
This form will be used to categorise your ankle instability. A separate form should be used 
for the right and left ankles. Please fill out the forms completely. If you have any 
questions, Please ask the administrator of the survey. Thank you for your participation. 
8. Have you ever sprained an ankle? YES NO N
/
A 
9. Have you ever seen a doctor for an ankle sprain? If yes, 
2a. How did the doctor categorise your most serious ankle sprain? 
□ Mild (grade 1) □ Moderate (grade 2) □ Severe (grade 3) 
□ □  
10. Did you ever use a device (such as crutches) because you could not bear 
weight due to an ankle sprain? 
If yes, 
3a. In the most serious case, how long did you need the device? 
□1-3days □4-7 days □1-2weeks □2-3 weeks □>3weeks 
□ □  
11. Have you ever experienced a sensation of your ankle “giving way”? If yes, 
4a. What was the last time your ankle gave way? 
□<1month □1-6months □6-12months □1-2years □>2years 
□ □  
12. Does your ankle ever feel unstable while walking on a flat surface? □ □  
13. Does your ankle ever feel unstable while walking on an uneven ground? □ □  
14. Does your ankle ever feel unstable during recreational or sport activity? □ □ □ 
Does your ankle ever feel unstable while going UP stairs? □ □  
Does your ankle ever feel unstable while going DOWN stairs? □ □  
 
 
Docherty, C. L., Gansneder, B. M., Arnold, B. L., & Hurwitz, S. R. (2006). Development 
and reliability of the ankle instability instrument. Journal of athletic training, 41(2), 154 
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The CAIT Questionnaire    
Please tick ONE statement in EACH question that BEST describes your ankles. 
 LEFT RIGHT Score 
1. I have pain in my ankle Never 
During sport 
Running on uneven surfaces Walking on uneven surfaces 
Walking on level surfaces 
 
□ 
□ 
□ 
□ 
□ 
 
□ 
□ 
□ 
□ 
□ 
 
2. My ankle feels UNSTABLE Never 
Sometimes during sport (not every time) Frequently during sport 
(every time) Sometimes during daily activity 
Frequently during daily activity 
 
□ 
□ 
□ 
□ 
□ 
 
□ 
□ 
□ 
□ 
□ 
 
3. When I make SHARP turns, my ankle feels UNSTABLE Never 
Sometimes when running 
Often when running When walking 
 
□ 
□ 
□ 
□ 
 
□ 
□ 
□ 
□ 
 
4. When I go down the stairs, my ankle feels UNSTABLE Never 
If I go fast 
Occasionally Always 
 
□ 
□ 
□ 
□ 
 
□ 
□ 
□ 
□ 
 
5. My ankle feels unstable when standing on one leg Never 
On the ball of my foot With my foot flat 
 
□ 
□ 
□ 
 
□ 
□ 
□ 
 
6. My ankle feels unstable when Never 
I hop from side to side I hop on the spot 
When I Jump 
 
□ 
□ 
□ 
□ 
 
□ 
□ 
□ 
□ 
 
7. My ankle feels unstable when Never 
I run on uneven surfaces I jog on uneven surfaces 
I walk on uneven surfaces I walk on flat surfaces 
 
□ 
□ 
□ 
□ 
□ 
 
□ 
□ 
□ 
□ 
□ 
 
8. TYPICALLY, when I start to roll over (or “twist”) my ankle, I 
can stop it 
Immediately Often Sometimes Never 
I have never rolled my ankle 
 
 
□ 
□ 
□ 
□ 
□ 
 
 
□ 
□ 
□ 
□ 
□ 
 
9. After a TYPICAL incident of my ankle rolling over, my ankle 
returns to “normal” 
Almost immediately Less than 1 day 
1-2 days 
More than 2 days 
I have never rolled my ankle 
 
 
□ 
□ 
□ 
□ 
□ 
 
 
□ 
□ 
□ 
□ 
□ 
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Appendix F 
 
Force distribution post ground contact 
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The subsequent figures demonstrate that there were no observable differences in Fxy force 
distribution between 5 and 20 seconds. Primary, and most substantial, changes likely occur 
in the first 0.25 seconds post GND contact. However, it was determined that COP 
displacement would be calculated over the 5 second in order to: i) be consistent with 
previous literature, and ii) no significant changes in force distribution after that time. 
 
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
5 seconds 20 seconds 
A p p e n d i c e s |  238 
 
 
 
 
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
-30
-20
-10
0
10
20
30
40
-250 -150 -50
0.05 seconds 0.1 seconds 0.25 seconds 0.5 seconds 
A p p e n d i c e s |  239 
 
 
 
 
 
 
Appendix G 
 
Matlab script written for determination of 
COP and TTS measures
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%% Import data from text file. 
% Script for importing data from the following text file: 
 
%% Initialize variables. 
filename = 'G:\csthomp2017\TH_S2_190617\TH 052.txt'; 
delimiter = '\t'; 
startRow = 20; 
  
%% Format string for each line of text: 
formatSpec = '%*q%*q%*q%*q%*q%*q%*q%*q%f%f%f%f%f%f%f%[^\n\r]'; 
%% Open the text file. 
fileID = fopen(filename,'r'); 
%% Create output variable 
data = table(dataArray{1:end-1}, 'VariableNames', {'Fx1','Fy1','Fz1','Mx1','My1','Ax1','Ay1'}); 
%% Clear temporary variables 
clearvars filename delimiter startRow formatSpec fileID dataArray ans; 
  
 
%% LPF design 
filt_ord = 4; 
filt_cut = 10; % change to 10Hz if needed 
[b,a]=butter(filt_ord, (filt_cut /(1000/2))); 
figure; freqz(b,a); 
% Apply filter 
Force_flt = filtfilt(b,a,data); 
Fx = Force_flt(:,1); 
Fy = Force_flt(:,2); 
Fz = Force_flt(:,3); 
  
 
%% Zero Fx, Fy and Fz  
FxNorm = Fx1 - mean(Fx1(1:20),1); 
FxRMS = rms(FxNorm,500); 
FyNorm = Fy1 - mean(Fy1(1:20),1); 
FyRMS = rms(FyNorm,500); 
FzRMS = Fz1 - mean(Fz1(1:20),1); 
 
% Peak magnitude of force across x, y and z planes 
Fx_pk = max(FxRMS) - mean(FxRMS(1:20),1); 
Fy_pk = max(FyRMS) - mean(FyRMS(1:20),1); 
Fz_pk = max(Fz1) - mean(Fz1(1:20),1); 
 
%% Identify GNDcontact 
tolerance = mean(FzRMS(1:20),1)+10; 
I = FzRMS>tolerance; 
tGND = abstimes1(find(I,1)); 
  
 
%%COPmeasures 
Ax = -Mx/Fz1; 
Ay = My/Fz1; 
%Linear length 
COPlength = sqrt(((sum(abs(diff(Ax)))).^2)+(sum(abs(diff(Ay)))).^2) 
Fz_pk_time = abstimes1(Fz1==max(Fz1)); 
Fx_pk_time = abstimes1(FxRMS==max(FxRMS));  
Fy_pk_time = abstimes1(FyRMS==max(FyRMS)); 
 
% Identify periods from Peak:end 
FxP2end = FxRMS(Fx_pk_time*1000:end); 
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FxT2end = (abstimes1(Fx_pk_time*1000:end)); 
FyP2end = FyRMS(Fy_pk_time*1000:end); 
FyT2end = (abstimes1(Fy_pk_time*1000:end)); 
FzP2end = FzRMS(Fz_pk_time*1000:end); 
FzT2end = (abstimes1(Fz_pk_time*1000:end)); 
 
% Third-orderpolynomials 
Fxpoly = polyfit(FxT2end,FxP2end,3); 
FxP2 = polyval(Fxpoly,FxT2end); 
Fypoly = polyfit(FyT2end,FyP2end,3); 
FyP2 = polyval(Fypoly,FyT2end); 
Fzpoly = polyfit(FzT2end,FzP2end,3); 
FzP2 = polyval(Fzpoly,FzT2end); 
 
 
%% TTS - Identify thresholds 
%%Calculate MedioLateral Force TTS 
%Caluclate threshold limits of Mean Force +- 3SD 
UpperFxThresh = FxMean+(FxSD.*3); 
LowerFxThresh = FxMean-(FxSD.*3); 
UpperFyThresh = FyMean+(FySD.*3); 
LowerFyThresh = FyMean-(FySD.*3); 
UpperFzThresh = FzMean+(FzSD.*3); 
LowerFzThresh = FzMean-(FzSD.*3); 
UpperAxThresh = AxMean+(AxSD); 
LowerAxThresh = AxMean-(AxSD); 
UpperAyThresh = AyMean+(AySD); 
LowerAyThresh = AyMean-(AySD); 
%Force time-to-stabilsation is when force reaches threshold  
FxTTS = (abstimes1(FxP2 < UpperFxThresh)) + Fx_pk_time - tGND; 
%%Calculate Anteroposterior Force TTS 
FyTTS = (abstimes1(FyP2 < UpperFyThresh)) + Fy_pk_time - tGND; 
FzTTS = (abstimes1(FzP2 < UpperFzThresh)) + Fz_pk_time - tGND; 
%% TTS - Identify thresholds 
Fz_pk_time = abstimes1(Fz1==max(Fz1)); 
Fx_pk_time = abstimes1(FxRMS==max(FxRMS));  
Fy_pk_time = abstimes1(FyRMS==max(FyRMS)); 
  
%% Identify Coefficient of Variation in static stabilisation 
%Calculate mean and SD 
FxMean = mean(FxRMS(15000:20000),1); 
FyMean = mean(FyRMS(15000:20000),1); 
FzMean = mean(FzRMS(15000:20000),1); 
AxMean = mean(Ax(tGND*1000:5000),1); 
AyMean = mean(Ay(tGND*1000:5000),1); 
FxSD = std(FxRMS(15000:20000)); 
FySD = std(FyRMS(15000:20000)); 
FzSD = std(FzRMS(15000:20000)); 
AxSD = std(Ax(tGND*1000:5000),1); 
AySD = std(Ay(tGND*1000:5000),1); 
 
%Calculate Coefficient of variation 
FxCoV = FxSD/FxMean; 
FyCoV = FySD/FyMean; 
FzCoV = FzSD/FzMean; 
AxCoV = AxSD/AxMean; 
AyCoV = AySD/AyMean; 
   
figure(1) 
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subplot(3,1,1) 
plot(FxP2end) 
hold on 
plot(FxP2) 
ylabel('Fx') 
hold off 
subplot(3,1,2) 
plot(FyP2end) 
hold on 
plot(FyP2) 
ylabel('Fy') 
hold off 
subplot(3,1,3) 
plot(FzP2end) 
hold on 
plot(FzP2) 
ylabel('Fz') 
hold off 
  
figure(2) 
subplot(2,1,1) 
plot(Fx1,Fy1) 
hold on 
xlabel('Fx') 
ylabel('Fy') 
hold off 
subplot(2,1,2) 
plot(Ax,Ay) 
hold on 
xlabel('Ax') 
ylabel('Ay') 
hold off 
  
figure(3) 
subplot(2,1,1) 
binscatter(Fx1,Fy1) 
hold on 
colormap(gca,'parula') 
xlabel('Fx') 
ylabel('Fy') 
hold off 
subplot(2,1,2) 
binscatter(Ax,Ay) 
hold on 
colormap(gca,'parula') 
xlabel('Ax') 
ylabel('Ay') 
hold off 
 
 
 
